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ABSTRACT 
 
An Investigation of the Effects of Using Relevant Samples and a Comparison of 
Verification Versus Discovery Based Lab Design 
 
James C. Rieben Jr. 
Advisor: Daniel King Ph.D. 
 
 This study focuses on the effects of relevance and lab design on student learning 
within the chemistry laboratory environment.  A general chemistry conductivity of 
solutions experiment and an upper level organic chemistry cellulose regeneration 
experiment were employed.  In the conductivity experiment, the two main variables 
studied were the effect of relevant (or “real world”) samples on student learning and a 
verification-based lab design versus a discovery-based lab design.  With the cellulose 
regeneration experiment, the effect of a discovery-based lab design vs. a verification-
based lab design was the sole focus.  Evaluation surveys consisting of six questions were 
used at three different times to assess student knowledge of experimental concepts. 
 In the general chemistry laboratory portion of this study, four experimental 
variants were employed to investigate the effect of relevance and lab design on student 
learning.  These variants consisted of a traditional (or verification) lab design, a 
traditional lab design using “real world” samples, a new lab design employing real world 
samples/situations using unknown samples, and the new lab design using real world 
samples/situations that were known to the student.  Data used in this analysis were 
collected during the Fall 08, Winter 09, and Fall 09 terms. 
 For the second part of this study a cellulose regeneration experiment was 
employed to investigate the effects of lab design.  A demonstration creating regenerated 
cellulose “rayon” was modified and converted to an efficient and low-waste experiment.  
 xx
In the first variant students tested their products and verified a list of physical properties.  
In the second variant, students filled in a blank physical property chart with their own 
experimental results for the physical properties. 
 Results from the conductivity experiment show significant student learning of the 
effects of concentration on conductivity and how to use conductivity to differentiate 
solution types with the use of real world samples.  In the organic chemistry experiment, 
results suggest that the discovery-based design improved student retention of the chain 
length differentiation by physical properties relative to the verification-based design. 
 
 1
Chapter 1:  Background 
 
 
1.1 Introduction 
 
 
 Why is it that one group of students in a chemistry laboratory grasps a concept 
better than another group of students when they are all taught and exposed to the same 
information in the same way?  Some instructors would assume that the students who do 
not understand are not paying attention.  Other instructors would say that the content 
being covered is too difficult for some of the students, and the students that understood 
are just more intelligent.  However, what if the problem is not that the topic matter is too 
hard, or the students are not intelligent enough?  What if the students themselves are all 
capable and can all grasp the concepts associated with the laboratory experiment?  The 
problem could lie in the way the experiment is being presented to the students.  If so, then 
the laboratory design and method of instruction need to be examined.  This thesis will 
present a study that examines two experiments and how sample/situational relevance 
along with lab design (verification vs. discovery-based) affects students’ learning in the 
laboratory. 
 
 Before presenting the details of this study, it is important to define the terms 
relevance and prior knowledge.  Relevance is defined as a relation to the matter at hand 
that contains a practical/social applicability.1  Samples/situations that are referred to as 
relevant include real world samples and situations with which students can connect and to 
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which they can apply a practical application of the laboratory experiment.  Prior 
knowledge, for this study, is defined as a set of mental schemas, or structured/organized 
thoughts, that the mind constructs to deal with situations ranging from how a person gets 
dressed to how a person performs a chemical experiment.2-5  Schemas are constantly 
changed and altered according to new experiences and learning.  This study consists of 
two experiments that have been developed and examined to test the effects of relevance 
and prior knowledge on the students’ ability to learn the concepts presented in the 
laboratory.  Prior knowledge is varied using verification (where students know the results 
before performing the experiment) and discovery-based (where the students do not know 
the results before the experiment) lab designs.  The first experiment involves the 
conductivity of solutions and is performed in a general chemistry I course.  For the 
second experiment, an organic cellulose regeneration experiment, a modified version of 
an online demonstration, was designed to help test the effects of experimental design on 
organic chemistry students.    
 
 
1.2.1  The Need For The Study 
 
 As a teacher it can be frustrating when students cannot adequately answer 
questions that are designed to test their knowledge of a previously covered topic.  There 
are a variety of laboratory teaching styles that have been developed to address this 
problem.  A few of the main laboratory instructional methods are problem-based 
instruction, open inquiry instruction, discovery instruction and the classical expository 
 3
instruction.6  Classical expository is the method currently employed for all experiments in 
the general chemistry I laboratory.  This instructional method is one of the most criticized 
methods of laboratory instruction.  Often this method is referred to as “cookbook”, due to 
its set procedures of data collection.  Many of the instructional methods focus on 
increasing the efficiency of information transfer from teacher to student, but have 
different paths to achieving that objective.   
  
 When teaching a course, it is every teacher’s hope that when a concept is covered, 
it is understood, so that it can be recalled at a later point or even built upon later in the 
course.  Unfortunately, the real outcome of instruction can vary considerably depending 
on how the lesson or concept is presented to the students.  It is well understood that not 
all students are able to understand a newly presented topic or even one that has been 
covered in prior classes.3, 5, 7-9   
  
 While there are several different types of laboratory instruction, there are two 
basic styles of instruction that can be used to characterize a learning environment:  
teacher-based and student-based instruction.  Teacher-based instruction is a style based 
more on the comfort of the teacher and gives little concern to the needs of the student.  
However, this method does not take into account the diversity of learning styles and 
diverse backgrounds of the students.  
  
 It is very difficult to account for all the learning factors for every student prior to 
laboratory instruction.7  Even though many teachers know this fact, the traditional 
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method of simply relaying the ideas to the student via verbal and/or basic lab instruction 
is still commonly used.  In chemistry, this is not an adequate method for meeting the 
various learning needs of students10, especially in the laboratory.  Therefore, a different 
method of laboratory instruction is needed that focuses more on the needs of the student.  
This learner-centered instructional approach puts the student’s needs first.  Teachers, as a 
result, must learn to present their material to show the relevance that a lesson has to the 
student’s daily life and avoid using a lesson with examples that have no meaning to the 
students.  Instructors and their methods must take into account the different personalities, 
backgrounds and learning styles that are present in our students.5, 11   
  
 In both the general chemistry study and the organic chemistry study two 
experimental designs are investigated.  These designs are referred to as the 
traditional/verification-based lab and the discovery-based lab.6  Traditional/verification-
based laboratory experiments typically have students, directed by the instructor, follow a 
specific procedure and analysis.  When the students collect the data, they compare it to a 
known result to verify that the experimental results agree with the expected results.  A 
discovery-based lab design is similar to the verification-based lab design in that the data 
analysis and procedure are given by the instructor.  However, the students in this design 
need to rely on the data to draw their own conclusions without knowing the expected 
results and, sometimes, without the additional knowledge of the chemicals’ identities.  .  
In a normal discovery lab students would be asked to analyze data and attempt to create a 
concept that encompasses all of the data that were collected.  With this discovery design 
students are given unknowns and are asked to use the concepts discussed in the 
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introduction of the experiment to explain results.  From those results the students apply 
the data to create their own concepts to answer questions.6   
 
 The focus of this study is to determine the effects of relevant (“real world”) 
samples and verification-based lab design vs. a discovery-based lab design on student 
learning.  For this study, relevant samples and the two lab designs are examined in a 
general chemistry conductivity of solutions experiment.  In an organic chemistry class 
performing a cellulose regeneration experiment, only the two lab designs are examined 
because both designs use real world samples.  Effects on both short-term and long-term 
learning of the concepts associated with the lab objectives will be investigated.   
 
 
1.2.2 The Foundation of the Study 
 
 A lesson plan is structured to convey information to the student in an organized 
matter.  Teaching a concept using instructional methods that convey how the lesson is 
incorporated into the student’s life and past experiences, is hypothesized as the key to 
increasing student learning in this study.  Various researchers of psychology, chemistry, 
and information science have tested the effects of relevant samples and various 
instructional methods on student learning separately over the years.3, 4, 7, 8, 10, 12, 13  
Through my own undergraduate experiences and graduate teaching I have always 
remembered what sparked my interest and what helped me learn a concept.  Students 
often ask, “Where would we ever run into this in our lives?” or “What does this have to 
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do with my major?”  It is with these questions in mind that these laboratory experiments 
are designed to isolate and test the use of relevant samples, to hopefully increase the 
interest and learning of the students.   
  
 The first laboratory experiment used for this study is a conductivity of solutions 
experiment that addresses the properties and traits of molecular and ionic solutions.  
Three variants of an existing experiment were designed to test the effect on learning of 
the use of relevant samples and whether students know the results before performing the 
experiment.  It is hypothesized that if the student is able to relate the subject matter to 
their everyday lives, it would allow for a better conceptual grasp of experimental results 
and theory.  This study’s second focus is on testing the effect of information given to 
students by comparing a verification-based vs. a discovery-based lab design.    
  
 This study’s design is rooted strongly in the constructivist theory of learning.  
Constructivist learning theory can be summarized as all knowledge is constructed using 
the experiences both in and out of the scholastic environment, which are founded on a 
framework of pre-existing knowledge.  Students are constantly changing and reshaping 
how they view the world based upon all their experiences, which may or may not be 
limited to the topic matter being covered by a particular lesson.2-4, 7-9, 11, 14  Changing 
schemas constantly causes people of all different backgrounds and learning styles to have 
different responses to new concepts that are presented in the classroom/laboratory 
environment.   
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 This constructivist theory is based on work by three key researchers: Jean Piaget, 
David P. Ausubel, and Lev Vygotsky.  It is further supported by research of David A. 
Kolb and John Dewey, whose research showed the relevance of all experience and how it 
ties in with learning and instruction.  Each researcher had their own area of expertise, 
which will be discussed later in this chapter.  How this expertise is applied to the 
development and design of this study will be discussed.  The traditional teacher-centered 
lecture method of instruction does not take into account all the experiences of the 
students, and thus it is limited in its ability to reach all students.  If a student is having 
difficulty, typically it is thought that the student is either just not working hard enough or 
that the level of the material is too difficult.15  Using theory detailed by Vygotsky, if a 
student in a class instructed with learner-centered methods has difficulty with a concept, 
there would be a different approach,.13  Typically, instead of assuming that the student is 
not trying to understand a particular topic, the instructor should try to pinpoint where 
misconceptions occur in the mind of the student by asking questions.  These questions 
help identify errors or misunderstanding of the fundamental steps associated with the 
concept.  This process not only pinpoints the area of confusion but also allows for the 
student’s weaknesses to be strengthened and thus unblocking the impasse to the student’s 
learning of the new concepts.5 
  
 Jean Piaget described learning as building on intelligence in a structured system.2-
4  Piaget used the term of a mental schema, or structure of knowledge, that the learner has 
built upon in their own mind.  It is because of previously established mental schema that 
students cannot be treated as if they are a blank slate who is learning just one topic for the 
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first time.  This is further supported by David Ausubel who said that it is impossible to 
get a full measurement of what learning has taken place outside the classroom.7  When 
the information is relayed to the student, it can be considered an addition to a mental 
“structure”, and the new information being relayed either becomes part of the overall 
structure or, if it cannot be absorbed, is discarded.   The student’s past actions and how 
their intelligence is structured affects the way that the new information will be processed 
and understood. 
  
 John Dewey is another researcher who has learning philosophies that support the 
core of constructivism.  Ausubel’s overall philosophy is that the most important aspect 
for teaching a student is the previous knowledge and learning experiences that the student 
has already undergone in their learning career and lives.7  John Dewey believed that there 
is a direct organic relationship between personal experience and education.  Dewey 
proposed that the traditional teaching methods are not to be forgotten or considered 
useless since the new educational methods cannot properly educate without knowing the 
pitfalls of the previous work.8 
 
 Prior knowledge is a significant factor for students’ learning.2, 7, 8, 16  Therefore, it 
must be harnessed as a tool for student instructional success.  The connecting of students’ 
prior knowledge to course content should allow for a more effective learning 
environment promoting a greater connection of material to the student.  Connection of a 
concept to something a student can relate to can vary considerably from student to 
student, due to their previous life and learning experiences.  Relevance is derived from 
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experience and should not be underestimated in the learning environment.17  Since 
relevance varies from person to person, in accordance with Vygotsky’s approach it is 
good to use generality when trying to establish a connection, with use of analogy.  By 
keeping the lesson general for students it prevents confusion that can occur when a topic 
is too abstract for the students to grasp.13, 14, 17  Froehlich’s work is an analysis of the 
retrieval of data both mentally and physically in an effort to establish relevance 
comparing data topics retrieved by the student with data retrieved by librarians.  Data 
showed that what librarians thought to be relevant to the students was different from what 
the students thought to be relevant.12  In the classroom this is paralleled when the 
teacher’s view of what information is important for the students to learn is not the same 
as that of the students’ view towards the same topic matter.   
 
 Vygostsky’s approach to teaching suggests that the instructor should keep the 
relation of topic matter general when in the laboratory. It is with this in mind that the lab 
experiments and samples were chosen for this study.  By using real world samples the 
students know and a laboratory design that uses situations from pop culture, films, 
television, and various other media, the hope is to help connect with the student better.   
There are countless times in a student’s education when the student wonders how the 
content relates to his/her self and his/her studies.  It is the teacher’s challenge not only to 
directly answer these questions but also to build off of them an instructional design that 
helps to minimize these types of questions.  This study’s goal is to assess the effect of 
using samples that are relevant to students to teach a concept.  “As far as people are 
concerned, relevance is tacitly present and inescapable.”12   
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Literature Review 
 
 The background of this study has two primary conceptual components.  The 
effects of the use of relevant samples and prior knowledge/experimental design on 
student learning have been studied previously but in different areas of science and with 
different sample groups.  This research project is broken up into two main studies.  One 
incorporates both the relevance and lab design components and investigates their effects 
for first year general chemistry students.  For the second study the effect of knowing the 
answer before performing the experiment is tested using upper classmen in an organic 
chemistry laboratory.   
 
Jean Piaget 
 As a developmental psychologist, Jean Piaget is well known for his research in 
learning, and how the mind works.  He specialized in how learning types and schemas 
applied to children.  To know how to work with the mind, one must first understand its 
basic operation.  Teachers would like students to be able to see or hear a concept that is 
presented, assimilate it and grasp it completely.  This assimilation is defined by Piaget as 
the absorbance of knowledge and structuring it in a workable scheme.4  However, the 
way the student has assimilated and structured the ideas presented into their own scheme 
is not necessarily the same scheme of the instructor.  When this occurs, students 
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remember general topics or specific points but do not necessarily understand the full 
concept or it’s pertinence to a specific situation.   
  
 When a system is at equilibrium, there is nothing that is out of balance and there 
is no change in how the system is arranged or structured.3  For learning, or the formation 
of a schema of a specific design, to occur Piaget believed that there needed to be 
disequilibrium of the mind of the learner with the new information.  This disequilibrium 
is what allows for learning to occur and for previously established thoughts or schema to 
be corrected or changed.4  This means that there needs to be a difference, or 
accommodation as Piaget terms it, in the learner’s previously designed thought structures 
or schemes of the learner’s mind.  With this difference, the learner’s mind thinks 
differently and restructures schemas to accommodate the new information and reach a 
new equilibrium.3  Otherwise there is nothing to be changed, and there is no noticeable 
change in how the student understands or grasps the concepts from before they were 
introduced to it.  This building upon prior knowledge schemas is the core of 
constructivism.2  Piaget understood, even though a lot of his work was with children, that 
as we mature and enter different stages of our life we become locked into two main types 
of learning, defined as formal and concrete.  Formal learning is conceptual learning that 
one does without the aid of physical models, and concrete learning is physical-based 
learning, which needs hands-on or model-based demonstrations.5  With these facts in 
mind, the laboratory experiments described in this thesis are designed to work with both 
concrete and formal thought in their design and concept instruction. 
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David P. Ausubel 
 Both Ausubel and Piaget believe that an individual’s prior knowledge is 
important.  While Piaget focuses on the need for disequilibrium to enable learning, 
Ausubel focuses on modification of prior knowledge directly.  One student can know that 
titanium dioxide is useful as a sun block, and another student can know how to prepare 
titanium dioxide used in sun-block cream for skin protection.  These two types of 
knowledge are classified by Ausubel as declarative knowledge, “knowing that,” and 
procedural knowledge, “knowing how,” respectively.5, 18  Ausubel proposes that the 
proper way to instruct a student is to find out the student’s base knowledge first.  By 
figuring out the underlying foundation of the student’s knowledge, only then can a 
teacher instruct a student properly.5, 7  Taking students’ prior knowledge into account 
while designing a lesson, allows for the instructor to more efficiently relay new 
information to the students.  Both Ausubel and Piaget agree that it is the modification of 
established knowledge schemas that allows for learning to occur for the student.  
However, there is an augmentation of Piaget’s theories by Ausubel’s associated with the 
use of a bridge for the student.  A bridge is analogous to having an introductory organic 
chemistry course after general chemistry.  This course would focus on new concepts and 
basic foundations, such as structure naming and basic reactions of different alkyl groups, 
to bridge the learning gap from general chemistry to organic chemistry.  By doing this, 
students do not get overwhelmed with too many concepts and can begin with a 
comfortable general foundation and then move onto more complex theory and work, such 
as reaction mechanisms. 
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Lev Vygotsky 
 For Vygotsky, another believer of building on the previously established concepts 
of the students, there is another aspect of learning that must also be looked at when it 
comes to teaching.  That aspect is the instructor and how they must learn to teach for 
what he called the Zone of Proximal Development (ZPD), which means that the 
instructor should design lesson plans to be in accordance with the general area of 
knowledge of the students themselves.13  Furthermore, Vygotsky also believed that all 
concepts were merely generalizations that are linked together, which, if not properly 
structured for the student, can allow students to establish their own incorrect account of a 
concept.  By setting a method of teaching that focuses on the students’ general area of 
knowledge the instructor can more effectively teach concepts.  These concepts would 
then gradually increase in their abstractness and complexity but all have the same 
underlying principle.14  This is possible as long as the step from one area to another is not 
too big of a mental jump for the students to make.  This could be used to help an 
instructor to teach how to write out chemical reactions and yield calculations.  First, just 
the reactant and products are written in to show the general design.  Next the students 
learn to balance the equation, and then they would learn how to use the balanced equation 
to determine reaction yields.  Just writing a basic reaction and then asking for a 
calculation of the theoretical usages and yields is too large of a jump for the students.  It 
is this properly structured system that allows for the students to modify and change their 
prior knowledge and step up to the next tier of complexity.13   
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Constructivism 
 The three previous researchers all had the common view that prior knowledge is 
what needs to be built on to allow for learning in the classroom.  They each have worked 
to put together an understanding that the instructor must take into account that the student 
is not going to simply grasp a concept after it is presented and recite it upon request with 
full understanding.2  This is because the student, even though they are assimilating the 
information as Piaget suggests, is creating their own understanding that can be different 
from the instructors.3, 4  Thus with these three philosophies, it can be said that knowledge 
is constructed by the student through each individual’s modification, accommodation, 
and restructuring of previously established mental schema that occurs upon learning 
something new.      
 
David A. Kolb 
 Kolb has designed a theory that is known as Experimental Lab Theory (ELT), 
which divides the students in a laboratory environment into four distinct learning style 
groups.11  Kolb also supports the concept of the constructivist theory but stands apart in 
laboratory experimental design.  Instead of focusing on prior knowledge directly relating 
to the experimental topic, the experiment is designed with the personal experience of the 
students as the focal point, to help teach the concepts by allowing them to be better 
understood.10  It can be said that our personal experiences help to sculpt our learning of 
concepts.  
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 Under Kolb’s theory there are four key learning types that can be used to describe 
all students.  Not all students learn the same way or have the same background, so this 
can help instructors sort their students into groups to help identify the teaching methods 
that may benefit the students the most.11  These four groups are described as the 
following:5, 10 
• Accommodators- Students that ask, “What are the possibilities of this concept?”  
These students work well from concrete experience (sensing and feeling) and 
active experimentation (doing).  An accommodator learns best from trying the 
experimental concept and actively applying it on various samples and in various 
situations. 
• Divergers- Students that ask, “Why is this important to know?”  These students 
work well with concrete experience (sensing and feeling) and reflective 
observation (watching).  A diverger will test the concept with experimentation 
and also reflect on the collected results and watch as others also apply the 
concept.    
• Convergers- Students who ask, “How is this concept applied?”  These students 
work best with active experimentation (doing) and abstract conceptualization 
(thinking).  This is the student that tests part of the main concept and then after 
analyzing the data, asks the instructor if their assumption of the application to the 
whole concept is correct. 
• Assimilators-Students who ask, “What is the concept?”  These students work well 
with abstract conceptualization (thinking) and reflective observation (watching).19  
This student carefully observes everything from the data collection to the analysis 
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of results; their mind is actively assessing the data and thinking about new ways 
for it to be applied outside of the laboratory exercise.   
 
 These groups can further be broken down in order to figure out how to best 
instruct and work with each learning group.5  One key aspect, however, is the use of 
personal experience.  In using personal experience the topic becomes more relevant to the 
student on some level.  Tying the experiment and concepts to the personal experiences of 
the learner is a pedagogical technique that is supported by Kolb’s research.10, 11   Kolb’s 
research has been used to help to design experiments for this study that hopefully will 
allow a greater learning experience for the student, regardless of their learning style, 
since it builds on the student’s personal experiences and focuses on their learning 
strengths.   
 
John Dewey 
 As one of the greatest educational theorists of the 19th and 20th centuries, John 
Dewey has a vast amount of research spanning philosophy, liberal politics and 
educational psychology8, 16.  Dewey’s research in education is focused both on how the 
mind works and how to teach students properly.5  A common misconception with new 
teaching methods is that giving up traditional methods for new instructional approaches is 
best for education.  In his work with education Dewey stresses that to proceed without 
existing lessons and proven methods gets teachers no closer to a better educational 
teaching design.  Dewey’s philosophy stressed that a lesson must be designed to include 
the instructor’s personal goals and experience to increase the effectiveness of the 
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instruction.  It is suggested that for a teacher to be truly successful, they must become 
acquainted with many aspects of their teaching environment.8  This includes learning 
about the local community, history, political views, and cultures of the area where they 
teach.  In combining the personal goals for the students with those of the lesson plan, the 
instructor must be careful not to venture too far away from the fixed goals of the course 
curriculum as well.  Accomplishing this balance of personal and curriculum-fixed 
educational goals, as well as combining their personal experiences, the instructor should 
have a greater impact and effect on the students whom they teach.16  
 
Relevance 
 Much of the literature associated with the use and study of relevance has been in 
the information science and psychology field.12, 17, 20  Relevance has been used to study 
what resources students use while doing research, and what connections students make 
with certain topics.  A resource is considered relevant to a student when it connects to 
his/her prior knowledge to help answer a question or solve a problem that is important to 
the individual.20  Relevance is a part of prior knowledge that cannot be considered a 
completely separate entity, since the two are strongly interwoven.17  There has not been 
much research published on the effects of relevance, specifically on learning in the 
laboratory.  One study was found about the effects of using relevant and non-relevant 
concrete examples, and the results showed that students performed better when relevant, 
concrete examples were used in instructional methods.21  
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1.3 Overview 
 
 This dissertation consists of six chapters. 
Chapter 1 - This chapter introduces and explains the theoretical basis and background 
research that support the design of the study. 
Chapter 2 - This chapter presents the development of the conductivity lab variants, the 
data collection methods, key features of the laboratory variant designs, and general 
supporting theory behind each variant that was used for the general chemistry data 
collection. 
Chapter 3 - In this chapter the conductivity experiment data collected over two years 
from the general chemistry students are analyzed and discussed. 
Chapter 4  This chapter presents the development of the cellulose regeneration 
experiment, the data collection methods, key features of the variant designs and theories 
behind each variant that was used for the organic chemistry data collection. 
Chapter 5  In this chapter, the cellulose regeneration experiment data from one term are 
analyzed and discussed. 
Chapter 6  The final chapter summarizes the primary conclusions from chapters 3 and 5 
and discusses future work and directions to be taken based on the results of this study. 
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Chapter 2: Conductivity Study Experimental Design 
 
 
2.1 Introduction: 
 
 This chapter is a discussion of the design and experimental conditions of the 
conductivity laboratory design used in the general chemistry I course.   The conductivity 
of solutions experiment was chosen since it could be altered to allow for an investigation 
into the effect of relevance and lab design (verification vs. discovery) on student learning.  
Four experimental variants were employed, with the original lab design “variant 1” being 
treated as a control, since it uses no relevant samples and has a verification style.  For the 
analysis of relevance in this study, “real world” samples/situations were used in variants 
2, 3, and 4.  The effect of lab design was studied separately in a comparison between lab 
variants 3 and 4, which compares one variant’s use of unknowns with the other variant’s 
use of known sample identities.  Real world samples used in variants 2, 3, and 4 were 
primarily of the household variety in order to promote safety and to better establish a 
connection of chemistry with everyday life for the student.6 
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2.2 Methods and Materials  
 
 Variants 1 and 2 had similar sets of chemicals used for the experiment seen in 
Table 2.1A below, and variants 3 and 4 had similar chemicals employed for their designs 
seen in Table 2.1B below.  All chemicals were purchased straight from the manufacturer, 
and there was no purification or alterations applied to any samples before student 
analysis. 
 
Table 2.1A. Chemical lists for experimental variants 1 and 2 used in the study.  All samples were prepared 
in distilled water. 
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Table 2.1B. Chemical lists for experimental variants 3 and 4 used in the study.  All samples except 
common beverages were prepared with distilled water. 
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Table 2.1.C. List of ingredients for common beverages used in variants 3 and 4. 
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 The students used a conductivity probe (Vernier Software and Technology, 
Beaverton, OR) with the Vernier Lab Pro interface.  The Vernier Conductivity Probe is 
made up of two graphite electrodes that have a potential difference applied.  The resulting 
current that is measured is proportional to the conductivity of the solution.  This probe 
uses alternating current to prevent the complete migration of ions to the electrodes, as 
well as polarization and electrolysis.  Due to the limitation of the laboratory size and 
laptop interfaces for measurements, there were only a total of 8 conductivity probes used 
in each laboratory section.  As a result, lab groups completing the analysis were limited 
to sizes of 2 or 3 students, depending on class attendance.  
 
 
2.3 Theory/Objectives Behind Each Variant 
 
 
2.3.1 Variants 1 and 2 (See Appendix 1) 
 
 For this experiment there are four variants that were employed to test the effects 
of lab design and the use of relevant samples on the student’s ability to learn and retain 
the concepts.  Both experimental variants 1 and 2 had the same learning objectives.  
These objectives are:  
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• To be able to differentiate solution types (i.e., ionic, molecular, weakly ionic) 
from relative conductivity level measurements. 
• To differentiate solution type by analyzing the effect of concentration on the 
conductivities of different solutions. 
 
 The new variant (number 2) is based on the original lab design, which follows a 
traditional, or “cookbook”, format that lists what to do and then has the student simply 
follow it step by step.  This is referred to as a verification format because the students are 
provided the expected results and attempt to confirm, or verify, the result.  While variant 
2 also uses a verification design, unlike variant 1, this variant uses real world samples 
that the students analyze during the first part of the experiment.  The theory that is being 
tested is that the use of real world samples will have a positive effect on the student’s 
ability to learn the experimental laboratory objectives.6, 17, 20, 21 
 
 
2.3.2 Variants 3 and 4 (See Appendix 1) 
 
 Variants 3 and 4 represent a change from the original lab design.  The new lab 
design consists of two main parts; in Part 1 students differentiate between ionic, weakly 
ionic and molecular solutions based on the level of conductivity, and in part two students 
perform tests at multiple stations to connect samples to the real world and to illustrate the 
effect of concentration on conductivity.  The objectives for variants 3 and 4 are the 
following: 
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• To be able to differentiate solution types (i.e., ionic, molecular, weakly ionic) and 
predict relative conductivity levels. 
• To differentiate solution type by analyzing the effect of concentration on the 
conductivity of the different solutions. 
• To illustrate various uses of conductivity analysis outside of the chemistry 
laboratory. 
  
 The design behind variant 3 is to use unknown samples and give only the general 
category for each station’s samples (i.e. common beverages, water, ect.).  With this 
experimental design the students know from the experimental procedure that the sample 
is a common beverage, but they do not know anything else about the samples prior to 
measuring the conductivity of the sample.  The students know the samples are from their 
everyday lives, but are not necessarily sure what the identity of each sample is.2, 4, 7, 8, 13, 21 
 
 For variant 4, the verification-based lab design, the procedure is identical to 
variant 3 but uses samples that have been identified to the students.  Students are given 
the identities of each sample to test as well as a table of expected conductivity values.  
Students verify the conductivities that they measure for each sample and draw 
conclusions from the data, whereas students in the discovery-based lab design have to 
determine their own conductivity values with no verification information.  The focus of 
this experimental design is to allow for a comparison with variant 3 through evaluation 
surveys to see if there is a significant difference between the two laboratory designs.5, 22  
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2.4 Lab Development 
 
 Development of the laboratory variants consisted of creating three variants of the 
original lab design (variant 1) to test the two main variables of this study.  Variant 2 
varied from the original lab design in the use of relevant (“real world”) samples 
compared against the original lab design, and hence very little of the design was altered.  
For the designs of variants 3 and 4 there are a lot of samples used over four stations that 
students will rotate to and measuring the conductivity of samples.  In the development of 
stations 2 and 3 of the new laboratory designs, it was important to use samples that 
students could easily relate to and at the same time be visually different for referencing as 
unknowns in variant 3.  Samples were chosen for their color, their common occurrence 
around the university, and their appearance in media advertisement.  Gatorade, Vitamin 
Water and Propel were all chosen because they are advertised heavily on television and 
radio.  Vitamin water was chosen specifically because it is highly advertised.  Diet Coke 
and Mountain Dew were chosen due to the large amount of Coca Cola products 
advertised around campus.23  All of these drinks were chosen and analyzed for 
conductivity values, which were tabulated and used in variant 4 as the reference of 
known values for the students.  The range of molecular solution conductivity was from 
20-700µs; the range for weakly ionic solutions was from 700- 1200µs; and ionic 
solutions had conductivities greater than 1200µs.   
 
 A pilot study of variant 3 was run during the Summer 2008 general chemistry I 
course.  During that trial a design problem was identified in part 2 station 4.  There were 
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a total of five groups in the class, and the students averaged 25 minutes per group at 
station 4.  Since the average class had a total of 8 groups working on the experiment at a 
given time, this was unacceptable and a redesign of the procedure was needed.  The use 
of fewer dilution data points and the pre-preparation of the 50/50 mixture were integrated 
into the experimental design to shorten the experiment.  
 
 
2.5 Experimental Details - Variant 1 
 
 In variant 1, the introduction describes the general behaviors of ionic compounds, 
molecular compounds and weakly ionic compounds.  This is followed by a discussion of 
the effects of concentration and ionic charge on conductivity.  Finally, multiple 
compounds of the same concentration with increasing chloride to cation ratios are 
discussed to explain the effects of ion concentration on the slope of the conductivity 
data.23   
 
 
2.5.1 Part A  
 
 In part A students measure the conductivity of each of the provided samples in 
test tubes with a conductivity probe (Vernier Software and Technology, Beaverton, OR).  
Students analyze a series of chemicals: methanol, acetic acid, boric acid, ethylene glycol, 
potassium bromide, and hydrochloric acid.  The students also analyze tap water and 
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distilled water, which are the only samples that are identified on the data sheet.  No 
common names or uses are listed for the samples on the data sheet, only chemical 
formula are given, in this variant of the laboratory, except for the two water samples. 
   
 
2.5.2 Part B  
 
 For part B of the experiment, students test the effect of increasing concentration 
on conductivity.  Students will be analyzing the conductivity behavior of four different 
solutes, and each sample is added drop-wise to 70mL of distilled water.  After each drop 
is added and given a few seconds to diffuse through the sample, a conductivity reading is 
recorded.  This process is repeated for a total of eight drops per sample.  Four solutions 
are analyzed in part B: methanol, sodium chloride, aluminum chloride, and calcium 
chloride.  
 
 Data for part A are sorted by their conductivity to determine which samples are 
ionic, weakly ionic and molecular solutions.  For part B of the data analysis, data are 
graphed and the slopes are compared for the four solutions.  Students determine the effect 
of concentration on the slopes of the graphs by comparing the slope of the four data sets.  
Slopes become larger as the charge of the cation increases due to the larger concentration 
of the total ions in solution. 
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2.6    Experimental Details - Variant 2 
 
 This variant of the experiment is almost identical to the first variant, except that in 
part A, relevant (real world) samples are used with common names and uses included on 
the data table.  The new real world samples in variant 2 are: aqueous NaCl (or common 
salt water), rubbing alcohol (listed with a condensed variant of its structure), NH3 (or 
ammonia-cleaner), and C6H12O6 (grape sugar).  From the original design the following 
samples were kept: HCl (now shown as an ingredient in toilet cleaner), CH3COOH 
(vinegar-acetic acid), tap water and distilled water.   
 The samples and procedure for part B of this experimental variant were kept 
exactly the same as variant 1.12, 20, 23        
 
 
2.7    Experimental Details - Variant 3 
  
 This variant incorporates the new experimental design.  However, this experiment 
starts with the students testing solutions and identifying which are molecular, weakly 
ionic, and strongly ionic from the conductivity values of solutions of equal 
concentrations, as was done in part A of variants 1 and 2.  One important characteristic of 
variant 3 is that the students do not know the identity of any of the samples.   
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 The introduction of variant 3 discusses properties of ionic, molecular, and weakly 
ionic compounds and their properties.  A few examples of each compound type (ionic, 
weakly ionic, and molecular) that will be used in the experiment are given in the 
introduction.  Each of these following compounds is discussed in the introduction: NaCl 
being strongly ionic, acetic acid being weakly ionic, and C6H12O6 (glucose) being 
molecular.  These samples are used in this experiment, but the students do not know this 
since the sample identities are not provided to the students.4, 7, 10, 13, 14 
 
  
2.7.1 Part 1 
 
 Part 1 of this analysis is similar to part A of variants 1 and 2 in that it is the 
identification (ionic, molecular, weakly ionic) of the unknown samples based on its 
conductivity.  For this variant the students do not know the identity of the samples.  The 
students identify sample categories solely from their data.  To ensure that it is purely the 
type of solution that is the cause of the conductivity difference, the samples have equal 
solute concentrations.  This information is provided to the students in the lab write up for 
part 1.   
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2.7.2 Part 2 
 
 The second part of this variant has four stations where the students analyze 
different groups of samples.  The idea behind this design for the experiment was to allow 
students to see how conductivities can be applied, as well as keep students moving 
around the lab to create a more active learning environment.  This second part 
incorporates real world samples and other possible uses for conductivity measurements 
outside of the laboratory and presents a realistic problem solving application.   
 
 Station 1   
 The first station of part 2 has different types of water, i.e., bottled water, tap 
water, distilled water, saturated NaCl solution “salt water”, and tonic water.  Samples 
were chosen to give a good dispersion of different conductivities to show that even 
though samples of water may look identical, there can be different dissolved solutes that 
can cause variability in the conductivity from one sample to the next.   
 
 Station 2 
 The second station included many samples of common beverages: Diet Coke, 
Gatorade, Vitamin Water, tonic water, Mountain Dew and Propel.  The identities of the 
beverages, however, are not known to the students.  This station not only allows students 
to measure common beverage conductivity, but also shows how conductivity analysis can 
be used to choose a beneficial beverage after a long work out.  Background information 
for station 2 explains that with vigorous exercise the body does not lose sweat alone.  
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Sweat includes ions, such as sodium, calcium, and potassium.  Students use the 
conductivities of the different beverages to establish the best choice of post-work out 
beverage to regain lost electrolytes and water at the same time.  The samples used here 
are various colors, and the students can use these colors to help differentiate and identify 
the samples.     
 
 Station 3 
 At this station there is a “mystery” that the students must solve.  The students are 
informed that  a man has died after working out at a gym, and the detectives need to 
know as soon as possible if there is a reason for there to be an investigation.  Police 
collected samples of drinks and food that were present at the scene of the crime.  It is the 
job of the student to test the conductivity of the beverages from the scene of the death to 
see if there is anything abnormal about the samples’ conductivity.  The students are 
analyzing unknown samples but are told to compare the samples tested at this station to 
samples tested in stations 1 and 2.  Of the samples used in this station there are two that 
have conductivity values that will be abnormally high (double the highest conductivity) 
and can be compared to the corresponding pure sample measured in station 2. 
   
 Station 4 
 For this station the students analyze the effect of dilution on the conductivity of 
the three different solutions.  The students have to graph the data, and from the results 
identify each type of solution.  The solutions are all unlabeled.  Samples include a 0.05M 
NaCl solution, 0.05M glucose solution, and a solution that is a 50/50 mixture (by 
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volume) of the two.  The three curves illustrate the effect of concentration on solution 
conductivity.  This variant, unlike variants 1 and 2, also shows how a molecular solution 
affects the conductivity of the ionic solution.   
 
 
2.8 Experimental Details - Variant 4 
  
 In the fourth variant of the conductivity experiment the main feature is the use of 
real world samples that have been identified to the students.  Knowing the sample 
identities (i.e., verification design) will allow students to verify previously established 
knowledge and confirm theories with accepted values.  Students are thought to perform 
the lab and learn better with more information that allows them to verify and connect to 
samples being studied.  The main design of this variant is similar to that of version 3; 
however, unlike variant 3, this variant does not use unknowns.   
 
 
2.8.1 Part 1  
 
 Like variant 3, discussed above, this is an analysis in which the student 
differentiates between types (molecular, ionic, weakly ionic) of solution.  All of the 
solutions are the same concentration, as before, except the bottles are all labeled with the 
names of the sample analyzed.  These samples include the following: acetic acid, 
isopropyl alcohol, glucose, ammonia, sodium hydroxide, and sodium chloride. 
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2.8.2    Part 2 
 
 Station 1 
 This station deals with the amount of solutes in water; students know the source 
of each water sample, i.e., tap water, bottled water, distilled water, tonic water, and 
saturated NaCl solution “salt water”.  This allows for a connection with how the student 
could run into these different types of water in their daily life. 
 
 Station 2 
 In this station students use the same beverages that were used in variant 3, with 
two main differences.  The samples are labeled so the students can identify them.  Also, 
instead of the standard 500mL squeeze bottle that is used for samples in all of the other 
labs, the original beverage containers are used for sample distribution.  In using the 
original bottles the real world connection between the student and the beverage is 
reinforced.   
 
 Station 3 
 For this station the same setup as described in variant 3 was used.  For this variant 
the samples are identified for the students.  However, in this variant a chart is supplied to 
the students for a comparison of experimental conductivity values with tabulated 
expected conductivity values.  Therefore, students are attempting to reproduce the 
conductivity values in the table, in this verification-based design. 
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 Station 4  
 The three solutions of 0.05M NaCl solution “salt water”, 0.05M sugar (glucose) 
water, and a 50/50 mixture (by volume) of the two are labeled with the identity of each 
sample.  These three samples are used to demonstrate the effect of the concentration on 
the conductivity of the different solution types. 
 
 
2.9 Summary 
 
 Variants 1 and 2 are very similar, however, variant 2 incorporates relevant 
samples to study their effect on students’ learning.  Variants 3 and 4 use a new lab design 
that allows for a comparison of a discovery-based lab design with a verification-based lab 
design.  Variant 3 uses unknown samples, while in variant 4 the samples have been 
identified to the students.  Both of these new lab designs also incorporate relevant 
samples to compare student learning against the original lab design.    
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Chapter 3: Conductivity Lab Experiment Data 
 
 
3.1 Introduction: 
  
 In this chapter, the effect of lab design and the use of relevant “real world” 
samples/situations on student learning in a conductivity laboratory experiment will be 
examined.  Results will be presented from three terms of general chemistry I: Fall 2008, 
Winter 2009 and Fall 2009.  These experiments use design variations that allowed for the 
testing of student learning as a function of the incorporation of real world 
samples/situations and the effects of a discovery lab design as compared to a verification 
laboratory design.6  Real world samples used in this study are common drinks and 
common house hold chemicals and the real world situation is a crime scene investigation.  
With the discovery lab design the students are given limited (or no) information about the 
samples that are being analyzed, whereas with the verification lab design, all sample 
identities and concentrations are given to the students.  Conductivity laboratory 
experiments are common to chemistry, and there are many different designs of 
conductivity experiments that are being employed for student instruction.23-25  Some of 
these designs are just demonstrations with questions and other designs have the students 
balance equations and measure a small number of samples (4-8).  Other designs use real 
world samples and test specific aspects, such as conductivity of an ionic compound as a 
solid and within solution.25 
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 A large amount of research on the effect of relevance on learning has been done 
in the psychology and information retrieval fields. 12, 17, 20   There have been studies on 
the importance of relevance in higher education.21  However, most of the studies that 
have been completed on relevance do not focus specifically on the effect of relevant 
samples used over various laboratory experiment designs. 12, 17  
 
 
3.2 Methods and Materials 
  
 Data collection for this study included three surveys and a final exam question 
that was related to the material covered in the laboratory.  These will be discussed more 
thoroughly later in this chapter.  Surveys included six questions and each question was 
scored for subsequent analysis.  To test statistical significance either a z-Test or a t-Test 
was run, depending on the data sets that were compared.  A z-Test was completed on data 
sets that did not have directly correlated pre-lab and post-lab surveys (all of the Fall 09 
Data).  A t-Test was used for data sets that were comparing pre-lab and post-lab surveys 
that were correlated (i.e., students completed a matched pair of surveys).  For all t-Tests, 
it was assumed that the variances were unequal.  For differences between variants, the t-
Test was also employed in the analysis of significance.  Significance for both the z-Test 
and t-Test was assigned at the 95% confidence level. 
 
 Variants 1 and 2 had similar sets of chemicals used for the experiment (Table 
3.1A), and variants 3 and 4 had similar chemicals employed for their designs (Table 
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3.1B).  All chemicals were purchased straight from the manufacturer and there was no 
purification or alterations applied to any samples before student analysis. 
 
Table 3.1A. Chemical lists for experimental variants 1 and 2 used in the study, all samples prepared in 
distilled water. 
 
 
Table 3.1B. Chemical lists for experimental variants 3 and 4 used in the study.  All samples except 
common beverages were prepared with distilled water. 
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Table 3.1C. List of ingredients for common beverages used in variants 3 and 4. 
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 For the conductivity measurements taken by the students the Vernier Software 
and Technology Conductivity Probe (Vernier Software & Technology13979 SW 
Millikan Way Beaverton, Oregon) was used with the Vernier Lab Pro lab interface. The 
Vernier Conductivity Probe is made up of two graphite electrodes to which a potential 
difference is applied.  The resulting current that is measured is proportional to the 
conductivity of the solution.  This probe uses alternating current to prevent the complete 
migration of ions to the electrodes as well as polarization and electrolysis.  For analysis, 
since the range of conductivities was broad, the conductivity probe was set to a range of 
0-20,000 µS.    
  
 Due to the limitation of the laboratory size and laptops interfaces for 
measurements there were only a total of 8 conductivity probes uses in each laboratory 
section.  As a result lab groups completing the analysis were limited to sizes of 2 or 3 
students depending on class attendance.  
 
 
3.3 Data Collection Survey Pages 
  
 For the first two collections, the Fall 08 and Winter 09 terms, the same survey 
questions were used for the pre-lab and post-lab collections, and a different set of 
questions was used for the follow-up survey (during the following term).  The following 
year (Fall 09) the method of data collection was altered to allow for a more accurate 
collection of pre-lab survey data.  Instead of completing the pre-lab survey the same day 
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they completed the experiment, the pre-lab survey was completed at the previous lab 
period, before the students were given the procedure.  Another change was that the same 
survey questions were used for all three sample collections: pre-lab, post-lab and follow-
up.  In this section, the basics of the survey will be presented and the coding method used 
in the analysis will be described.  This questionnaire provides a measure of student 
learning both at the end of the lab, and after 10 to 12 weeks time.  
 
 
3.3.1 General Data Collection Sheet Design 
  
 Four pieces of data were collected as a part of this study.  There were three 
surveys and one related question on the final examination in the corresponding lecture 
course.  During Fall 08 a pre-lab collection was done where the students answered six 
distinct questions on an evaluation sheet before they began the laboratory.  A post-lab 
evaluation sheet, that used the same questions as the pre-lab evaluation, was distributed 
and collected immediately after the student completed the experiment.  At the end of the 
term the students answered a test question on the general chemistry I final examination 
dealing with a concept from the experiment.  Ten to twelve weeks later, a follow-up 
evaluation sheet was handed out (in the first lab meeting for the subsequent general 
chemistry course) to determine how well the students retained the information from the 
experiment.  All evaluations used in this chapter can be found in appendix A-2. 
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 Following the collection of the evaluations, data were then sorted by variant type 
and numbered.  Each of the evaluation questions was then coded with a value ranging 
from 0-4 (Table 3.2).  Each coded value was assigned based upon how close the student’s 
response was to the correct answer.  A coding rubric was created to ensure the 
evaluations were scored consistently, and all evaluations were scored by me to eliminate 
the potential for bias.  Redesigns of the evaluation sheets based upon how the students 
answered the questions will be discussed later in this chapter.  
 
Table 3.2. Evaluation coding criteria used to score all surveys administered with the conductivity 
experiment. 
 
 
   
 The first data collection sheets consisted of a rough set of questions that the 
students for the pilot study answered.  Evaluations were handed to the students before 
they did the lab and again immediately after completing the experiment.  Students 
provided feedback as to what parts of the laboratory they liked and disliked.    
 
 For the Fall and Winter 08-09 studies the same evaluation sheets that were 
employed in the pilot study were used for the pre-lab and post-lab evaluations.  However, 
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the follow-up evaluation questions (administered during the subsequent term) were 
different.   
 
 The evaluation sheets were changed prior to the Fall 09 data collections.  Some of 
the questions were changed to minimize misinterpretations.  It was observed that 
misinterpretation of questions was minimal in Fall 09 relative to the previous year.  
Another change was that the follow-up questions were exactly the same as the pre-lab 
and post-lab questions.  By using the same questions for all three surveys, and not an 
analogous set, it minimized the possibility of misinterpretations of the questions by the 
students and removed an extra variable that had previously existed. 
 
 
3.4 Pilot Study Summer 2008 
 
 During a general chemistry I course in Summer 2008, variant 3 was tested for 
design problems and misinterpretations of the procedure.  Based on student feedback and 
observations of the time needed for the experiment, the experiment was redesigned.  
These changes are described in more detail in Chapter 2. 
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3.4.1 Data Collected 
  
 When the pilot study for this research was conducted in Summer 2008, the total 
number of students that were available was only 10, all of whom participated in the 
study.  After the students filled out the pre-lab evaluation form, they received a copy of 
the new experimental procedure for variant 3.  Upon completion of the experiment the 
students filled out the post- lab evaluation form and also a comment section that allowed 
the students to rate part 2 (the rotating stations) of the experiment.  This study, unlike the 
Fall and Winter studies, did not have a final examination question or a follow-up survey. 
   
 The student’s pre-lab and post-lab question scores were averaged (Table 3.3).  
Averages of each question’s pre-lab and post-lab scores were calculated to see how the 
students performed as a group for each question.  The important questions to focus on are 
numbers 1, 4 and 6.  These are the questions that are tied in with the main learning 
objectives of the experiment.  The data show that there was some learning for questions 
1, 2, 3, and 5.  What is particularly notable, though, is the increase in question 5.  This 
question tests how well the lab promotes application of the conductivity concepts to other 
uses.  After this experiment, students showed an increase in the ability to apply the 
concepts to other applications. 
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Table 3.3. Pre-lab and post-lab averages by question with standard deviations (1σ) of the pilot study group 
from Summer 08. 
                                                
                  
 
 The differences between the pre-lab and post-lab averaged scores for each 
question were calculated to quantify the learning associated with that question (Table 
3.4).  For these data a t-test was done on the pre-lab and post-lab results to ascertain 
whether or not the differences are statistically significant at the 95% confidence limit, 
assuming unequal variances.   
 
Table 3.4.  Difference of pre-lab and post-lab survey averages, and P values (t-Test, two tailed) from pilot 
study of Summer 2008. 
                 
      
 The results for this summer group showed that only question 5 had a statistically 
significant difference.  Students who performed this experiment had unknown samples 
and only knew the general category (i.e., beverages, water, investigation samples) of the 
samples.  Because of the limited information given to students about the samples, it could 
be said that the students had to think about what the samples could possibly be.  With this 
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discovery design, students had to think about the sample identities, which allowed them 
to think outside of the limits of the chemistry experiment.6, 26  Consequently it is not 
surprising that the students were able to answer question 5 correctly.   
 
 There was no learning observed for questions 4 or 6.  Question 4 asks the students 
what drink should be used after a work out, and question 6 asks the students to organize 
four samples by increasing conductivity.  For question 6, the lack of learning could have 
been caused by the students not having enough information to distinguish the types of 
solutions from their names alone.  It is possible that withholding sample identities is too 
limiting to allow for a student to take the concept and apply it to samples that can be 
found outside of the chemistry lab.21   
 
 In question 4 (Is the following statement true or false?  Explain your reasoning. 
“After exercising for a long period of time is it sufficient to drink any beverage as long as 
the beverage contains water.”) the student is expected to recall content from the 
introduction and apply information from it and from the experiment towards the question.  
These results show that students did not learn to connect the concepts to choosing a drink 
that contains electrolytes lost through heavy exercise.  It is possible that this concept is 
not adequately taught with this variant, but further analysis is needed to confirm this 
conclusion.    
 
 Questions 1-3 all showed no significantly different increases in student learning 
from zero.  Question 3 asks the student whether water taken from different sources will 
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have the same conductivities.  The results showed that question 3 had a high pre-lab 
score, the small increase could be due to the fact that the average post-lab score could not 
go much higher.  The lack of learning for Question 1, which deals with the effects of 
concentration on conductivity, could be due to the design of station 4 having a large 
amount of sample preparation and the students being confused about how to do the 
dilutions.  Question 2, which asks how three different solution types can be differentiated, 
relates to the main experimental concept and laboratory method of conductivity 
measurement.  It is possible that the students were over thinking this question, assuming 
it was more complex than it was intended to be.  
    
 
3.4.2   Student Feedback On Experimental Prototype 
  
 The second part of this pilot study was to determine what parts of the experiment 
worked well for the students, and to see if they found them to be interesting.  It is 
thought, with these experimental designs, that if a student cannot establish some sort of 
connection with the experiment to their prior experience, the experiment will not be as 
educational for the students.  Therefore, in an effort to test this hypothesis the feedback of 
the students is useful in finding whether the material is establishing a connection with the 
student’s interest .2-4  Ultimately the goal is to have an experiment that is not only 
educational but also grabs the student’s interest and improves their ability to learn the 
concepts and retain them.  For the second half of the evaluations there was a section were 
students rated the different parts of the experiment and gave feedback about how 
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interesting they found the experiment.  On a scale of 1-5, with 1 being least interesting 
and 5 being most interesting, students rated the four stations in the experiment (Table 
3.5).   
 
Table 3.5. Student ratings for the stations of the pilot study completed in Summer 2008.  Ratings range 
from 1 for least interesting to 5 for most interesting. 
                   
 
 The first station tests different types of water (i.e., tap water, distilled water, salt 
water, tonic water).  Station 2 tests different common beverages that the students have 
seen before, such as Gatorade, diet soda, Propel, and Vitamin Water.  Station 3 creates a 
faux crime scene investigation scenario using beverages similar to station 2.  Finally, 
station 4 shows the effect of concentration on the conductivity of an ionic solution, a 
molecular solution and a 50/50 mixture of the ionic and molecular solutions.  The highest 
scores were observed for both stations 2 and 3, which used a lot of relevant samples and 
were the parts of the lab designed to connect with the students better. Results show that 
even though the students do not know the identity of the samples, they still find the 
stations using those samples more interesting.  
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3.5 Fall 08 and Winter 09 Studies 
 
 These two studies consisted of pre-lab and post-lab data collection, a final exam 
question in the associated lecture course and a follow-up survey collected the subsequent 
term.  Data for these two terms will be discussed separately and then compared.  
 
 
3.5.1 Fall 2008 Data Collection Layout 
 
 Many factors were addressed during the implementation of this study.  The first 
decision involved which sections would run which variant of the experiment.  A schedule 
was put together based on the teaching schedule (Table 3.6).  The schedule was designed 
to distribute the lab variants as evenly as possible among the days and instructors.  The 
final totals included 12 sections for variant 1, 8 for variant 2, 10 for variant 3 and 11 for 
variant 4.  It was not only important to establish that there were a similar number of each 
variant run but also to create a system of identifying easily the variant type when the 
follow-up survey data were collected.  With the study being performed over a two week 
period of time, the layout of variant by day of week was kept uniform over the two weeks 
to aid in the follow-up collection.  Students would simply have to recall the day of the 
week that they had the laboratory in the previous term and whether it was during an odd 
or even week (to differentiate the Friday groups). 
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Table 3.6. Fall 2008 lab variant schedule with variant totals per day, laboratories taught by me were 
subtracted from the totals 
 
 
   
 For both the Fall 08 and Winter 09 collections the pre-lab and post-lab data were 
collected the day of the conductivity experiment, and then about 12 weeks later the 
follow-up evaluations were collected.  Follow-up evaluations were altered from the 
original question sheets in an attempt to tests the student’s knowledge of the concepts, 
and to make sure that students did not just memorize the order of the answers from the 
previous evaluations.  Students received the experimental procedure two weeks before 
the experiment was performed so that they could have a copy of the experiment to write 
up the procedure, which is a course requirement.   
 
 
3.5.2 Data Analysis of Fall 08 and Winter 09 
  
 In this section the collected data from the Fall 08 and Winter 09 general chemistry 
I courses are presented.  The Winter term, which is a trailer course for students who 
either missed the Fall term or had to retake the course, is much smaller in its sample size 
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than the Fall term.  Both will be compared with one another in this section and later will 
be compared against the following year’s data in section 3.6. 
 
 
3.5.2.1 Fall 2008 Non-Honors Student’s Statistical Analysis 
 
 Data collection during Fall 08 yielded 480 surveys from the non-honors students 
and 87 surveys for the honors students yielding 567 total evaluations for the pre-lab and 
post-lab data sets of the approximately 1050 students enrolled in the class.  The number 
of pre-lab and post-lab surveys is identical since both surveys were handed out the same 
day of the experiment.  The surveys were numbered to connect the pre-lab and post-lab 
survey for each student.   Non-honors and honors students for these analyses were 
separated since both groups are seen to be statistically different from one another. 
 
Table 3.7. General chemistry I non-honors student’s pre-lab averages and standard deviations (1σ) for the 
Fall 08 data collection by question and variant for 480 student participants. 
       
 
 
Table 3.8. General chemistry I non-honors student’s post-lab averages and standard deviations (1σ) for the 
Fall 08 data collection by question and variant for 480 student participants. 
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 The pre-lab and post-lab scores were averaged for the non-honors students to see 
if there was a difference between the variants of the experiment (Tables 3.7 and 3.8).   
Survey averages for the pre-lab and post-lab data sets for each variant were averaged 
together and totaled as a score out of a possible 24 (Table 3.9).     
 
Table 3.9. General chemistry I non-honors students’ percentages of overall pre-lab and post-lab point totals 
and net differences out of 24 points for Fall 08 data collection. 
                          
 
 The data in Table 3.9 show that the first two lab variant pre-lab survey scores 
were different from the pre-lab survey scores of variants 3 and 4, although not 
statistically significant at the 95% confidence level.  In designing the new experiments 
the students writing up the procedure prior to the laboratory was not considered.  Lab 
variants 3 and 4 do not have a clearly defined area of procedure outlined for the students, 
and thus students read the whole experiment including introduction and background 
thoroughly.  With variants 1 and 2 the students turn to the page titled procedure in the lab 
manual and they copy the information without ever reading any of the introductory 
material of the experiment.  This is a possible cause for the large difference in the pre-lab 
survey scorings between the first and last two variants. 
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Figure 3.1. Graph of general chemistry non-honors Fall 08 pre and post survey differences by question and 
variant. 
  
 Questions 1, 2, and 6 had variants with a statistically significant difference at the 
95% confidence level in the student’s answers between the start and the end of the 
laboratory experiment (Figure 3.1).  In question 1, the student is asked about the effect of 
diluting the concentration of both a molecular and an ionic solution on their conductivity.  
The data show that variants 2, 3, and 4 all reported statistically significant increases in 
student learning of the concept presented in question 1.  No quantifiable learning took 
place for question 1 with variant 1, which uses no relevant samples.  It can be inferred 
that the increased learning seen with this question is result of the use of real world 
samples, since those samples were used in variants 2, 3 and 4.   
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Table 3.10.  Question 1 pre-lab and post-lab survey differences between variants for non-honors Fall 08.  
Values of source diff. are (source 2 - source 1).  P values were calculated using t-Test.  S1 and S2 Obs. are 
the numbers of observations of each source. 
       
 
 The data in Table 3.10 show that for question 1 there is a statistically significant 
difference between several of the variants at the 95% confidence limit.  Variants 2, 3 and 
4 are all significantly different from variant 1 (P < 0.005).  Performance of all the new 
designs that use real world samples is statistically the same.   
 
 Each variant is an altered version of the original variant 1.  Variant 2 is the same 
procedure as variant 1 with the incorporation of real world samples.  Variants 3 and 4 
both use real world samples in every part of the experiment and are altered procedures 
with four different stations in the second part of the experiment that students rotate to, 
testing conductivities.  Variant 3 uses all unknown samples, and variant 4 has the names 
of each sample on the bottles.  In question 2, students are asked to identify the type of 
solution from three clear solutions with equal concentrations of dissolved solids.  It is 
possible that with the many different applications and samples used for conductivity 
measurement in variants 3 and 4 the students are not focused on conductivity alone, and 
are thinking about other methods of determining the solution types such as separating the 
solute out of the solution first via distillation.  The introduction of various samples from 
the “real world” could possibly be causing the students to think more about prior methods 
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they have used in sample identification.  There will need to be more study of this 
specifically to be completely sure.  Variant 2 uses minimal real world samples to show 
how the concept of conductivity can be applied outside the laboratory.   
 
Table 3.11. Question 2 pre-lab and post-lab survey differences between variants for non-honors Fall 08.  
Values of source diff. are (source 2 - source 1).  S1 and S2 Obs. are the numbers of observations of each 
source.  P values were calculated using t-Test. 
       
   
 Statistical analysis for question 2 shows that there is a significant difference 
between variants 1 and 3 and variants 1 and 4 at the 95% confidence level (Table 3.11).  
There is no significant difference between variant 2 and variant 1 in question 2.  This data 
supports the thought that the original lab design increases student’s focus on conductivity 
to differentiate solutions.   
 
 
 In question 6 the students were asked to organize the samples in order of 
increasing conductivity.  Variants 3 and 4 showed a significant difference at the 95% 
confidence level.  These were the only two variants for this question that showed any 
significant difference. Variant 3 is a discovery-based design that gives limited 
information about the samples the students analyze during the experiment.  In variant 4, a 
verification-based design, students confirm or correct ideas they have about the samples 
since they already know all the sample identities.6  It is believed that the use of the 
discovery lab design employing all unknown samples has limits and is not the best design 
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for learning how to differentiate solution types by their names and relative conductivities.  
With the use of no known samples, students have to speculate with limited information.  
It is possible that variant 3 does not give enough information to allow a student to answer 
this type of question.21   
 
 Questions 3, 4, and 5 all had no statistically significant pre-lab to post-lab 
differences between the variants (tables 3.7 and 3.8) at the 95% confidence limit.  All of 
the variant designs are promoting similar levels of learning for these questions.   This can 
be attributed to all of the students having a large amount of prior knowledge about the 
question.  If the students answered correctly on both the pre-lab and post-lab survey 
evaluations there would be little to no change in the score overall. This result can be seen 
above (Figure 3.1) which illustrates that the pre-lab surveys had high scores, especially 
for questions 3 and 4.  For question 5 the students even though there was an increase in 
learning for variant 2 the number of data points available for the comparison did not 
show a significant difference between variant 2 and the others. 
  
 High pre-lab survey scores are likely the reason there is minimal learning 
associated with questions 3 and 4 (Tables 3.7, 3.8).  Since the pre-lab scores are high, the 
differences between the pre-lab and post-lab surveys are likely to be low, which is what 
was seen with these two questions.  The students have had a lot of exposure to 
information presented in these questions.  These two questions relate to whether different 
types of water sources will have the same conductivity (question 3) and whether or not 
any beverage containing water is good to drink after exercise (question 4).  Question 4 
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only showed student learning with variant 3; however, this increase was not statistically 
significant.  This could be attributed to the greater focus on concepts by students when 
they did not know the identity of the samples.  As the research of Ausubel suggests, 
students learn outside of the lab as well as inside.  This is clearly supported by the high 
pre-lab survey results for these two questions based on experiences and samples from 
daily life.7 
 
 Question 5, makes the student think about what other applications use 
conductivity measurements, results suggest that students read the full experiments of 
variants 3 and 4 prior to the lab.  Scores of the pre-lab surveys for variants 3 and 4 were 
very high, and this limits the increase that can occur over the course of the lab.  Pre-lab 
surveys for variants 1 and 2 were lower, which might be due to the lack of introductory 
information available to the students prior to the pre-lab survey.  Experimental results 
show that student learning increased during the experiment for all variants, and increased 
the most for variant 2, specifically.  This could be attributed to the original lab design and 
use of real world samples.  The original lab design variant 1 shows a greater increase in 
learning for this question relative to both variants 3 and 4, supporting the benefits of the 
original design.  Students who performed variants 3 and 4 had a small increase for this 
question, likely due in part to the high initial scores.  Even though the differences 
between the pre-lab and post-lab surveys were small for these variants, the final scores 
were higher than for variants 1 and 2 (Table 3.8).   
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 Follow-up surveys were given out during the Winter 09 term in general chemistry 
II laboratory courses approximately 10-12 weeks after the post-lab surveys were 
completed.  In the follow-up surveys questions 1 and 2 were switched in their order from 
the pre-lab and post-lab surveys to try to prevent students from memorizing the order of 
the answers.  Questions 2, 4, and 6 in the follow-up evaluation were related to the 
laboratory learning objectives.  Follow-up survey averages for each variant and question 
can be seen in Table 3.12.  
 
Table 3.12. Non-honors general chemistry I Fall 08 averaged student scores on the follow-up survey 
collected during Winter 09 with standard deviations (1σ). 
  
 
 These values were compared against the pre and post survey data of their 
corresponding variants (Tables 3.13, 3.14).  In other words, question 1 scores on the 
follow-up survey were compared to question 2 scores on the pre-lab and post-lab surveys.  
Similarly, question 2 scores on the follow-up survey were compared to the question 1 
scores on the pre-lab and post-lab surveys. 
 
Table 3.13. Average differences of pre-lab and follow-up survey question averages by variant (follow-up – 
pre-lab) for non-honors general chemistry I Fall 08.  Q1 is corrected for follow-up to coordinate with pre-
lab survey questions. 
                           
 
 65
 Table 3.14. Average differences of pre-lab and follow-up survey question averages by variant  (follow-up - 
post-lab) for non-honors general chemistry I Fall 08.  Q1 is corrected for follow-up to coordinate with pre-
lab survey questions. 
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Figure 3.2. Pre-lab, post-lab and follow-up survey averages for variants 1 (A), 2 (B), 3 (C), and 4 (D) in 
non-honors general chemistry I Fall 08.  Follow-up surveys were collected during Winter 09. 
 
 Data collected from the follow-up surveys (Tables 3.13, 3.14; Figure 3.2) show 
students in nearly every instance performed at a level lower than their original pre-lab 
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survey values.  Question 5 was the only question to have any follow-up scores higher 
than the pre-lab evaluation scores, although these differences were not statistically 
significant (at the 95% confidence level).  These data show that students have forgotten 
the information that was learned.  Two factors are likely responsible for the follow-up 
scores being lower than the initial pre-lab scores.  One factor is that the students’ pre-lab 
survey scores demonstrate that the students read the experimental procedure prior to 
performing the lab and taking pre-lab survey.  Secondly, the change in the wording of the 
follow-up evaluation questions might have caused some confusion for the students.  From 
the responses that were seen on a lot of the incorrect answers on the follow-up evaluation, 
the students appeared to misinterpret what the questions were asking.  Students also 
confused dilution and the addition of pure water as two completely different actions.  
This type of misinterpretation was common and could account for the students having a 
lower follow-up score relative to the pre-lab evaluation score.   
 
 
3.5.2.2 Fall 2008 Honors Student Data Analysis 
 
 There were a small number of honors sections that could be used for this study 
compared with the population of non-honors students (Tables 3.15, 3.16).  Since they 
were statistically different in their performance (both on the surveys and in the course in 
general), the honors students were analyzed separately from the non-honors students.   
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Table 3.15. Fall 08 general chemistry I honors students pre-lab survey averages by variant and question 
with standard deviations. 
  
 
Table 3.16. Fall 08 general chemistry I honors students post-lab survey averages by variant and question 
with standard deviations. 
  
 
Table 3.17. Honors student averaged total scores, reported as a percentage of the total possible score of 24, 
for pre-lab and post-lab surveys and net differences for Fall 08 data collection.              
  
 
 The data show the largest pre-lab to post-lab survey increase was for variant 1.  
Variant 4 had a lower post-lab survey score than the pre-lab survey score however, this 
difference is likely not significantly different from zero.   Variants 3 and 4 (Tables 3.15 - 
3.17) have higher pre-lab and post-lab survey scores.  These differences in pre-lab survey 
scores are possibly linked with students reading more of the background information for 
those lab variants when writing up the procedure before the experiment.  The pre-lab 
survey values for variants 3 and 4 are greater than the highest post-lab survey percentile 
value of variants 1 and 2 by 5%.  Because variants 3 and 4 did not have a specific 
procedure section in the experimental materials, it is possible that those students read 
through more of the materials when writing up the procedure than the students who 
 69
performed variants 1 and 2.  Since variants 1 and 2 had sections identified as 
“procedure”, they might not have read through the rest of the experimental materials.  As 
the students read the introductory information, they, especially the students who did 
variants 3 and 4, were exposed to concepts that could enable them to score higher on the 
pre-lab survey.  
 
 The largest pre-lab to post-lab survey differences for the honors sections were 
observed for questions 1 and 2 (Figure 3.3).  Students who performed variant 3 showed 
the largest increase in understanding of question 1, which explains the effect of adding 
pure water to either and ionic or molecular solutions.  Alternately, for question 2 the 
greatest learning was associated with variant 1.  The original laboratory design in variant 
1 seems to allow for students to better understand the concept that conductivity 
measurement can be used for solution differentiation.23  It is possible that students who 
performed the variants using real world samples were over thinking the question resulting 
in a low score for the question.  More data analysis of this will be needed to determine 
the cause for this result.  There were no significant differences between the pre-lab and 
post-lab surveys seen for questions 3-6 of this analysis. 
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Figure 3.3. Honors pre-lab and post-lab survey differences by question and variant for Fall 08 general 
chemistry I course. 
 
Table 3.18. Honors pre-lab and post-lab differences for general chemistry I Fall 08.  Values of source diff. 
are (source 2 - source 1). S1 and S2 # Obs. are the number of observations measured for each source. P 
values were calculated using a t-Test.        
        
 
 Honors students had a significant increase at the 95% confidence level in survey 
scores with variant 3 and variant 2 related to the effect of concentration on conductivity 
of a solution (Table 3.18).  Both of these variants use common real world samples, 
however, variant 3, which uses unknowns, also had a significantly higher increase in 
scores for question 1 (one of the questions related to the laboratory learning objectives) 
than variants 1 and 4 (Table 3.19).  This could be due to the variant 3 design using 
unknown samples, which might stimulate the thinking processes of the honors students.  
With these data in mind, the next step is to evaluate the differences for significance 
between variants.5, 6, 26   
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Table 3.19. Comparison of pre-lab to post-lab differences between variants for general chemistry I honors 
in Fall 08.  Results are presented as a function of question and experimental variant.  Values of source diff. 
are (source 2 - source 1).  S1 and S2 # Obs. are the number of observations examined for each source. P 
values were calculated using a t-Test. 
 
 
  
For question 2, lab variant 1 is associated with significantly greater scores than both 
variants 3 and 4.  The traditional experimental design is more successful at teaching these 
students that three solutions that look alike (but have different compositions) might be 
differentiated via conductivity analysis.  Variant 1 is focused on teaching specifically 
how conductivity is used as an analytical tool and does not digress much from that.  The 
other three variants, which used samples that encouraged thinking about conductivity’s 
application outside of the laboratory, showed no significant difference at the 95% 
confidence limit for question 2.  
  
 The follow-up survey scores were analyzed to see if there was any significant 
difference in student performance between any of the variants (Figure 3.4).  Data sets for 
questions 1 and 2 of the follow-up surveys were swapped to correlate with the proper 
associated question for the comparison of the pre-lab and post-lab surveys.  This data 
treatment was necessary because on the follow-up evaluations, questions 1 and 2 had 
been reversed in an effort to prevent students from simply memorizing the order of the 
answers.  
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Figure 3.4. Honors follow-up values for each variant and question for Winter 09 collection for the general 
chemistry I course.  Questions 1 and 2 in the follow-up survey are changed in order from both the pre-lab 
and post-lab surveys.  Therefore, data above (Figure 3.4) for Q1 corresponds with question 1 of the follow-
up survey and the second question of the pre-lab and post-lab surveys.   Q2 is the second question in the 
follow-up survey but it corresponds with the first question in both the pre-lab and post-lab surveys.  
 
 
Table 3.20. Comparison of follow-up survey results between variants for general chemistry I honors in 
Winter 09.  Results are presented as a function of question and experimental variant.  Values of source diff. 
are (source 2 - source 1).  S1 and S2 # Obs. are the number of observations examined for each source. P 
values were calculated using a t-Test. 
 
  
 The follow-up data for the honors student’s sections showed that there were three 
questions on which some variants scored significantly different at the 95% confidence 
limit (Table 3.20).  These differences were seen in questions 1, 4, and 6.  Two of these 
questions, 4 and 6, correspond to one of the experimental learning objectives, and 
question 1 corresponds to one of the fact-based questions. Question 1of the follow-up 
data asks the students how to differentiate the solution type of three pure solutions, and 
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the students were able to answer this question and score significantly higher with variant 
2 than variant 3.  In question 4, variant 4 is significantly higher than variant 2.  With 
question 6, variant 2 showed a significantly higher score than that of variant 1.  None of 
the data for other questions or variants show a significant difference in follow-up survey 
results.  
 
 Variant 4, the verification design, has a better designed procedure for explaining 
the effects of concentration dependence, and it uses a larger number of real world 
samples, which helps performance in questions 4 and 5.  Question 5 focuses on other 
applications for conductivity, and question 4 asks about what beverages replenish best 
after a vigorous workout.  Real world samples are thought to stimulate thinking of how 
the lesson applies outside the experiment.   
 
 Variant 2 also incorporates real world samples, but not nearly to the extent of 
variant 4.  The procedure of variant 2 is identical to variant 1, which focuses on the 
measurement of conductivity, along with the effect of ion concentration.  For question1, 
which relates to the use of conductivity to differentiate sample types, variant 2 was 
expected to have one of the highest learning levels, and that was observed (Table 3.20).  
Variant 2 was significantly greater than variant 3 in question 1.  In question 6 students are 
asked to organize several samples in increasing conductivity.  Variant 2 uses a limited 
amount of real world samples that demonstrate general conductivity trends.  For question 
6, variant 2 has a significantly greater increase in scores over variant 1 (Table 3.20).  The 
design of variant 2 should enable for a quick organizing of the samples in question 6, and 
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because of the limited number of samples it should allow for better recall of some of the 
sample conductivities from the experiment. 21   
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Figure 3.5. Honors pre-lab, post-lab and follow up data for variants 1 (A), 2 (B), 3 (C) and 4 (D) in general 
chemistry I Fall 08 with follow-up data collection during Winter 09.  For proper comparison, the questions 
numbers refer to the proper coordinating pre-lab and post-lab survey question numbers.  The follow-up data 
seen for question 1 corresponds with the second question of the follow-up surveys, and the follow-up data 
for question 2 corresponds with the first question of the follow-up surveys. 
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Table 3.21. Comparison of honors general chemistry I Fall 08 pre-lab, post-lab and follow-up survey values 
(which were collected during Winter 09).  Results are presented as a function of question and experimental 
variant.  Values of source diff. are (source 2 - source 1). S1 and S2 Obs. are the number of observations for 
each data source; not all sections had the same number of students for each collection.  P values were 
calculated based on a t-Test. 
 
 
 Approximately 25% of the results (Figure 3.5) showed a significant difference 
between the pre-lab or post-lab surveys and the follow-up data.   The differences, (Table 
3.21) are two-thirds for significant decreases of the follow-up to values below either the 
pre-lab surveys, post lab surveys, or both.  For the first three questions the honors 
students who did variant 3 had significant declines in their ability to answer the survey 
questions correctly.  However, for question 2 the follow-up evaluation scores for variant 
3 also dropped below the pre-lab evaluation score.  Question 1 is based on one of the 
primary learning objectives of the experiment, and with the significant decrease in score 
of the follow-up survey the results show that variant 3 does not allow for adequate long 
term learning.  For question 3 the results of the follow-up evaluation showed a significant 
decrease in the students’ ability to answer the question when compared to the post-lab 
value of variant 3.  While there is some evidence for immediate learning associated with 
the use of unknowns with this student population in questions 1 and 3, the follow-up 
scores show that the students are not retaining the information.  This could be from the 
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students not having enough information about the sample identities, and attempting to 
differentiate the samples could be causing the students to miss this main objective of the 
experiment.       
  
 Data show that variant 4 for question 3 had a significant decrease in the follow-up 
evaluation scores compared to its pre-lab and post-lab scores.  However, variant 4 
showed a significant increase from the post-lab evaluation to the follow-up evaluation in 
question 4, which was the only increase in the follow-up surveys seen for variant 4.  For 
all of the other evaluation questions, variant 4 did not have any significant gains or losses 
on the follow-up surveys.  With variant 4 there is also a small number of data points used 
in the analysis, and this could be a cause for the lack of significant differences observed 
for this variant.  However, the data also show a significant difference in question 3 for 
variant 4 with the follow-up data being lower than that of the pre-lab and post-lab values.  
For the increase seen in question 5, it is possible that having the students use real world 
samples with the new lab design could have allowed for a better connection with other 
aspects of their lives and allowed for greater ability to apply the concepts of this 
experiment to an alternate application.  Further study will be needed to support this.   
 
 For variant 1, questions 2 and 5, the students show a significant increase in their 
ability to answer the evaluation questions.  In question 6 though, variant 1 showed a 
significant decrease from the post-lab survey to the follow-up survey.  There are a few 
possibilities for this result.  With the original lab design using fewer samples compared to 
both variants 3 and 4, the students might better remember the main theme/concept that 
conductivity can be used for identification of solution types (i.e., question 2).  It is 
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possible that this improvement could also have been due to writing up the laboratory 
report and studying for the exam.  This could explain the learning seen with question 5, 
which asks about other applications for conductivity measurements, by students who did 
variant 1 (Table 3.20).  Writing up the experiments and talking with other students about 
their lab experiences could have promoted increased understanding about question 5.  
Evidence for this explanation is based on several follow-up evaluations collected from 
students who had variant 1.  These students provided “forensics” and “crime scene 
investigations” as answers to question 5.  Answers like these are expected from students 
who performed variants 3 and 4, but not from students who had variants 1 and 2, since 
the forensic scenario was not part of the variants 1 and 2, suggesting there was some 
learning outside of the laboratory and possibly between students.7, 8 
 
 
3.5.3      Winter 2009 Data Collection 
 
 The students in this part of the study were part of the general chemistry I trailer 
course, which consists of a diverse student population, including students who did not 
pass the CHEM 101 course in the previous term, students who took a preparatory 
chemistry course and students who transferred or are otherwise out of the normal 
chemistry sequence.  For the data collection for this group the same methods and 
materials as the Fall 08 data collection were employed.  Of the 170 students enrolled in 
the course, 109 participated in the study.  Total percentile scores on the evaluations were 
calculated relative to a total possible score of 24 (Table 3.21). 
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Table 3.22. Winter 09 general chemistry I student totals, non-honors pre-lab and post-lab percentiles and 
differences by variant. 
 
 
 Students who performed experimental variants 3 and 4 scored at least 6% higher 
in their pre-lab surveys than the students who performed either variant 1 or 2.  It is 
believed that the reason for variants 3 and 4 having higher scoring pre-lab surveys is that 
the students who did these variants had to read through the lab in more detail to find the 
procedure they were required to summarize prior to doing the experiment.  This extra 
detail was required for variants 3 and 4 because the lab write-ups for those variants did 
not contain a section specifically identified as “procedure”.   
  
 
Table 3.23A. General chemistry I course Winter 09 non-honors pre-lab survey score averages by question 
and variant. 
 
 
 
Table 3.23B. General chemistry I course Winter 09 non-honors post-lab survey score averages by question 
and variant.  
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 Only variants 2 and 3 show significant differences from pre-lab to post-lab survey 
for any of the questions (Tables 3.22 and 3.23 and Figure 3.6).  For variant 2, question 2, 
a significant difference from pre-lab survey to post lab survey was observed, and variant 
3 showed a significant difference with question 4 only from pre-lab survey to post-lab 
survey.  There was no significant learning observed for either variant 1 or 4.   
 
 Variant 2 showed significant learning for question 2, which asks about the use of 
conductivity to differentiate solution types.  It was interesting that this variant showed 
learning for this question, while no other variants showed learning for this question..  One 
possibility is that with the original procedure and the addition of a few real world samples 
the students learned that conductivity is a way of distinguishing between pure solutions.   
 
 Variant 3 was the only variant to show a significant difference with question 4 
from the pre-lab survey to post-lab survey.  The question focuses on what beverage 
would be good to consume after a heavy workout.  Results of the pre and post-lab 
surveys show that the students became more confused about how to answer this question; 
the decrease in scores for variant 3 was statistically significant.  It appears that the use of 
unknowns to teach the students about this one laboratory objective is not adequately done 
by any of the variants, but least of all with variant 3, which showed the significant 
decrease.  This student population had difficulty answering this question regardless of the 
variant used, and this could be due to confusion of how the labs conveyed this concept.  
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Also the small number of students that were seen for each variant could also explain the 
lack of significant differences between the pre and post-lab surveys. 
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Figure 3.6. Non-honors pre-lab and post-lab survey differences by question and variant for general 
chemistry I course Winter 09. 
 
                
Table 3.24. Comparison of general chemistry I course, Winter 09 non-honors, variant differences.  Results 
are presented as a function of question and experimental variant.  Values of source diff. are (source 2 - 
source 1). S1 and S2 Obs. are the total number of student surveys collected.  P values were calculated with 
t-Test. 
 
       
 
 Variant 3 has a pre-lab and post-lab survey difference that is significantly lower 
than both variants 2 and 4 at the 95% confidence limit (Table 3.24).  Table 3.24 shows 
that there is a significant difference between several variants for questions 1 and 2.  Since 
the pre-lab to post-lab survey differences of variants 2 and 4 are both greater than that of 
 82
variant 3 for question 1, it can be inferred that variant 3 is not a good choice for teaching 
the effect of concentration on conductivity.    
 
 Variant 2 scored significantly greater than variant 4 for question 2 (Table 3.24) 
supporting that students who performed variant 2 were better able to learn how to 
differentiate pure solution types via conductivity.  The significant difference in the pre-
lab and post-lab survey differences for variant 2 compared against variant 4 exists despite 
the fact that both variants employed real world samples in their design.  The sample 
volume in variant 4 might be to blame for this difference.  It would appear for this 
question that using too many real world samples caused confusion and was detrimental to 
the students’ ability to retain certain topics. 
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Figure 3.7. Non-honors general chemistry I Winter 09 pre-lab, post-lab and follow up  average survey 
scores for variants 1 (A), 2 (B), 3 (C) and 4 (D). 
 
 The follow up scores for all variants dropped to levels below the pre-lab survey 
scores (Figure 3.7).  With this group of students the ten weeks of time that had passed 
since the post-lab survey had a detrimental effect on students’ ability to answer the 
follow-up questions.  This can be accounted for with two possible explanations.  First, 
confusion could have resulted from changes to the follow-up question text.  Second, 
having the students write the procedure after receiving the lab a week prior to the 
completion of the pre-lab survey likely prevented the identification of the students’ prior 
knowledge.  Almost all of the follow-up scores were below the pre-lab survey scores.  
Those that were not below the pre-lab scores were not significantly different.   
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3.6   Fall 2009 Non-Honors Students Data Collection 
 
 Prior to this data collection, a modification was made to the procedure.  Students 
filled out the pre-lab surveys during the lab period prior to the experiment.  Instructors 
distributed the labs to the students after the pre-lab surveys were filled out to prevent any 
students from reading through the lab prior to completing the survey.  Survey questions 
were also re-written to minimize the student misinterpretations of questions noticed 
during the coding of the previous two collections.  The last change was that the students 
answered the same survey questions for each data collection.  This was done in order to 
eliminate question misinterpretations associated with a second set of questions.   
 
 Data for this population of students were collected three times.  The first 
collection was a pre-lab survey, two weeks prior to the experiment.  A post-lab survey 
was filled out immediately following the completion of the laboratory experiment.  For 
the third collection, a follow-up survey was completed approximately 10-12 weeks after 
the experiment during the Winter 2010 general chemistry II course.  Collection of data 
lasted for a two-week period for each data set (i.e., pre-lab, post-lab, follow-up), since 
labs are run over two weeks.   
  
 It was imperative to have a schedule that spread out the variants to allow for 
multiple variants to be run on the same day.  The solution was a schedule design that 
adequately spaced out each variant to allow for a relatively equal number of collections 
(Table 3.25).  Each Wednesday had two variants of the experiment run at the same time.  
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One of these was variant 3 and the other was either variant 1 or 2, depending on whether 
it was an odd or even week.   
 
Table 3.25. Non-honors general chemistry I course Fall 09 variant schedule with total sections per week 
and overall totals for each variant.  
 
 
 
3.6.1 Fall 2009 Non-Honors Students Data Analysis 
  
 There were a total of 8 laboratory sections for each variant that were collected 
over the course of the study in the Fall 09 term.  Some sections did not have enough post-
lab surveys completed, and therefore the pre-lab surveys for those sections were not used 
because there was no matching post-lab survey.  For each of these data sets a z-Test was 
first used to establish if there was a significant difference between the pre-lab and post-
lab surveys.  A z-test was used since each student’s pre-lab survey could not be correlated 
to the same student’s post-lab survey.  This was due to the new collection method where 
the pre-lab and post-lab surveys were collected during different lab periods.  A t-Test 
analysis was used for the follow-up survey comparisons with the pre-lab and post-lab 
surveys, as well as the analysis of pre-lab and post-lab differences between variants. 
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Table 3.26A. Non-honors general chemistry I course Fall 09 pre-lab survey average scores by variant and 
question with standard deviation (1σ). 
 
 
Table 3.26B. Non-honors general chemistry I course Fall 09 post-lab survey average scores by variant and 
question with standard deviation (1σ). 
 
 
 As expected, the pre-lab scores were generally lower than the previous year, 
demonstrating that the modifications to the data collection were successful (Table 
3.26A).  Most of the post-lab scores were higher than the corresponding pre-lab scores, 
suggesting that student learning did occur during this laboratory experiment for all 
variants (Table 3.26B).  This data analysis will focus on questions 2, 4 and 6, which are 
the questions that are tied to the main experimental objectives.  The other questions, 1, 3, 
and 5, deal with fact-based questions and will be looked at to see how well the different 
variants promote fact-based learning in addition to the main objectives.   
  
 The average total overall score percentiles were calculated for each variant (Table 
3.27).    For the percentiles and pre-lab survey scores to post-lab survey score differences.  
The differences are a good example to show that all of the variants showed greater than a 
15% score increase overall.  This data suggests that all of the lab variants do show 
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significant learning taking place. However, it is more important to focus on what 
questions specifically the students increased and showed learning with.     
 
Table 3.27.Student totals and averaged total scores, reported as a percentage (based on 24 points),  for pre-
lab surveys and post-lab surveys by variant for non-honors general chemistry I course Fall 09.  The 
differences between the pre-lab and post-lab percentages are also provided. 
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Figure 3.8. Non-honors general chemistry I course Fall 09 pre-lab and post-lab survey differences by 
question and variant.            
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Table 3.28. Non-honors general chemistry I course Fall 09 pre-lab and post-lab differences.  Results 
presented as a function of question and experimental variant.  Values of source diff. are (source 2 - source 
1). S1 and S2 Obs. are the number of student participants for that data source; not all groups had the same 
number of students present. P values were calculated using a z-Test. 
 
 
 The students demonstrated significant learning from the pre-lab survey to the 
post-lab survey with all variants for questions 1, 2 and 5 (Table 3.28 and Figure 3.8).  In 
question 1, the focus is using conductivity for distinguishing pure solution types, while 
question 2 focuses on the effect of concentration on conductivity.  Question 5 asks the 
student to list other applications for conductivity.     
 
 Variant 2 was the only variant that showed the students having a significant 
increase in scores from the pre-lab to post-lab surveys in questions 3 and 4.  Question 3 
dealt with the concept that dissolved ions affect conductivity and that they cannot be 
measured simply by sight.  The results of the pre-lab survey show that the student’s score 
for question 3 with variant 2 was significantly lower than that of variant 4.  This supports 
the possibility that the students who performed variant 2 had weaker incoming 
knowledge related to this question compared to the other variants and thus had more 
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room to increase their knowledge.  The students with the other variants were answering 
the question correctly on the pre-lab survey, so it is not surprising that there would not be 
a great change.  In question 4, the students were asked what type of beverage should be 
consumed after a long workout that results in the need to replenish lost water and 
electrolytes.  Variant 2 uses a small number of real world samples with the original lab 
design, which appeared to work well in teaching students about the concepts associated 
with question 4.  It is possible for question 4 that variant 2 has just the right balance of 
real world samples and short to the point procedure which allowed the students to show a 
significant score increase.  The balance of a few real world samples and the experimental 
procedure of the original lab design may create a good balance that allowed the students 
to better grasp this concept.  The pre-lab survey scores all show the students were 
answering this question correctly, but not enough knew the reasoning behind the question 
for all the variants.   
 
 Finally, on question 6 only variants 2 and 4 show a significant increase from the 
pre-lab survey to the post-lab survey.  This question focuses on the students’ ability to 
identify solution type and organize the solutions based on their general conductivity type.  
The use of real world samples that have been identified to the students is the main trait 
that both of these variants share.  This supports the belief that using real world samples 
that the students can connect to the real world is a positive learning factor.  Variant 1 
does not use real world chemicals, and in variant 3 the real world samples are unknowns 
to the students.  The students need to have more information about what it is they are 
using for it to have a positive learning effect. 
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Table 3.29. Non-honors general chemistry I course Fall 09 differences between variants.  Results presented 
as a function of question.  Values of source diff. are (source 2 - source 1). S1 and S2 Obs. are the number 
of students who filled out a survey in that data grouping.  These values are not equal since the attendance 
was not the same for each laboratory. P values were calculated using a t-Test. 
 
 
 Students who performed variant 4 learned the content associated with question 2 
better than students who performed variant 1, which was the original lab design that used 
no real world samples (Table 3.29).  In question 3, which asks the students whether it is 
possible to determine a solution’s conductivity on sight alone, the results show that 
variant 2 performs better than both variants 3 and 4.  This could be due to the original lab 
design and the use of real world samples being more effective with the use of a much 
smaller number of samples.  With the larger number of samples used in variants 3 and 4 it 
is possible that this concept was not clearly addressed.  For question 6, students who 
performed variants 2 and 4 showed significantly greater learning over variant 3, at the 
95% confidence level.  All three of these designs use real world samples, but only 
variants 2 and 4 help students to connect with their prior knowledge by providing the 
identities of the samples.  It is also feasible that variant 3’s lowest pre-lab to post-lab 
survey score difference is because the unknowns caused increased confusion for the 
students.  Real world samples are used to help the student connect with the content by 
making them think of experiences outside of the laboratory, but with too many samples 
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students might stop focusing on the general concept and focus primarily on how the 
sample reacts.  
  
Table 3.30. Non-honors general chemistry I course Fall 09 average follow-up scores collected during 
Winter 10 listed by question and variant with total number of surveys for each variant and standard 
deviations with each average. 
 
 
 The results from the follow-up survey completed 10-12 weeks after the students 
performed the experiment showed that the students retained much of what they had 
learned during the experiment (Table 3.30).  In general, students who performed variant 4 
seemed to show the most long-term learning of the concepts, including questions 2, 4 and 
6, which were all related to the learning objectives identified for the experiment.  It is 
possible that the combination of the use of real world samples/situations with the 
experimental design of variant 4 allowed the students to build a better mental schema of 
the concepts involved in the experiment.2, 4, 10, 13 
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Figure 3.9. Comparison of non-honors general chemistry I course Fall 09 pre-lab, post-lab and follow-up 
(collected during Winter 10) average survey scores for variants 1 (A), 2 (B), 3 (C) and 4 (D) plotted by 
question. 
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Table 3.31. Significant differences between the follow-up data collected Winter 10, and pre-lab and post-
lab scores collected Fall 09 for non-honors general chemistry I course.  Values of source diff. are (source 2 
- source 1). S1 and S2 Obs. are the number of students that completed a survey for the specific source 
group.  Numbers are different since attendance at all labs is not uniform. P values were calculated using a t-
Test. 
 
    
 For question 1, all but one of the follow-up surveys were significantly higher (at 
the 95% confidence level) than the pre-lab survey averages (Table 3.31 and Figure 3.9).  
Similar results were seen for question 2, although the differences were only statistically 
significant at the 95% confidence level between the pre-lab scores and the follow-up 
scores (Table 3.31).  In question 3 only variants 2 and 4 showed significant differences, 
and these variants also showed significant differences in questions 5 and 6.  Question 4 
only showed a significant long term difference for variants 3 and 4.   
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Table 3.32. Non-honors general chemistry I course Winter 10 follow-up survey significant differences 
between variants. Values of source diff. are (source 2 - source 1). S1 and S2 Obs. are the number of 
students who participated in the survey, and since student attendance is not uniform, the values can vary. P 
values calculated using t-Test. 
 
 
 On questions 2, 4, 5, and 6, students who performed variant 4 learned the 
experimental concepts better (P < 0.005, t-Test) than students who did variant 1 (Table 
3.32).  For questions 2, 4, and 5, variant 4 showed statistically better long-term learning 
than variant 2 as well.  For question 6, both variants 2 and 4 are significantly better than 
variants 1 and 3.  Variant 4 employs both real world samples and situations to show the 
applications of conductivity for the students.  This theoretically allows the students to 
grasp the material better since it connects with the student’s prior knowledge and allow 
for a better learning experience.  Variant 3 shows significantly greater learning than both 
variants 1 and 2 for question 5.  However, the final score for variant 3 is significantly less 
than both variants 2 and 4.  An explanation for these results is that the use of unknowns 
causes the students to be confused and unable to determine the relative conductivity of a 
given solution from the name.  The students even though they understand and pick up 
basic concepts they do not establish an effective connection with name and solution type 
which hinders student’s ability to organize samples by relative conductivities from their 
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names alone.  Variant 1 does not give students a chance to connect with real world 
samples or see how the samples apply to their lives.  Variant 3 does not promote student 
learning as well as the other variants due to the possible creation of confusion from the 
use of unknown real world samples.  Students performed better when they were given 
additional background information on the samples, whether it was their uses or common 
names.  Because of the connection with real world samples and lack of confusing 
unknowns, the gains are seen to be greater for variants 2 and 4 with questions 2 and 6. 
 
 Despite the use of real world samples, students who performed variant 3 did not 
learn the conductivity concepts as well as students who did variants 2 and 4.  For 
example, in question 6, variant 3 students had to organize samples with names after 
dealing with experimental samples without names.  Consequently, it appears that the 
students did not have enough information to answer the question properly, resulting in 
less learning, and possibly greater confusion.  This suggests that the discovery-based lab 
design in this case has its limits and might be better applied when basic concepts have 
already established a solid foundation.6  Using discovery-based labs to teach concepts 
with pure unknowns might be more effective when used to focus on specific areas as 
opposed to use as a technique for all content.27 
 
 Variant 2 is a combination of the traditional lab design and updated samples that 
allows for better student understanding of the samples and hopefully increases student 
interest.  This design showed significant learning from pre-lab to post-lab surveys.  For 
questions 2-6, the follow-up scores were the same as the post-lab values demonstrating 
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that these students retained this knowledge.  While the original design (variant 1) is 
strong, it does not have enough content to sufficiently address the learning objectives of 
the lab.  Variant 2 does cover the content associated with the learning objective in 
question 6 very well, but it falls short for the other main learning objective associated 
with the effect of concentration on conductivity.  With some redesigning, the original lab 
design could be improved to sufficiently address both laboratory learning objectives.     
 
 
3.6.2 Honors Students Fall 2009 Data Analysis 
 
 During data collection for the honors students, pre-lab and post-lab surveys were 
not collected for variant 1 of the study, but follow-up surveys were collected for all 
variants.  A comparison of variants 3 and 4 will be evaluated to examine differences 
between the discovery-based design of variant 3 and the verification-based design of 
variant 4.   
 
Table 3.33A. Honors general chemistry I course Fall 09 pre-lab survey averages by variant and question. 
 
 
Table 3.33B. Honors general chemistry I course Fall 09 post-lab survey averages by variant and question. 
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Table 3.34-Honors student total scores reported as percentages (calculated based on total of 24 points) for 
general chemistry I Fall 09 and differences between pre-lab and post-lab percentages. 
 
 
 For the pre-lab to post-lab surveys there is evidence for learning associated with 
almost all questions (Tables 3.33A and 3.33B).  Both variants show an increase in total 
score from pre-lab to post-lab surveys (Table 3.34 and Figure 3.10).  
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Figure 3.10. Honors general chemistry I course Fall 09 pre-lab and post-lab survey differences by question 
and variant. 
  
Table 3.35. Comparison of honors general chemistry I course Fall 09 pre-lab and post-lab survey scores by 
variant and question.  Values of source diff. are (source 2 - source 1). S1 and S2 Obs. are the number of 
students who participated in the survey; since the attendance of the labs is not uniform, the numbers are 
different for each collection. P values were calculated using a z-Test. 
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 Variants 3 and 4 each showed significant learning from pre-lab to post-lab 
surveys for questions 1, 2, and 5 (Table 3.35).  Variant 4 alone showed a significant 
difference from pre-lab to post-lab survey for question 4.  With these data it can be seen 
that from pre-lab survey to post lab survey variants 3 and 4 perform similarly in that they 
both promote learning on the same concept-based questions.  Students who performed 
variant 4, however, learned not only with question 2 but also question 4.  Students that 
had access to the additional information of the sample identities showed greater learning 
as compared to variant 3, which showed no significant increase for this question from the 
pre-lab survey to the post-lab survey. 
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Figure 3.11. Honors general chemistry I course Fall 09 pre-lab and post-lab average scores, with Winter 10 
follow-up average scores for variants 3 (A) and 4 (B). 
 
 The pre-lab, post-lab, and follow-up survey data for the honors students are 
shown in Figure 3.11.  The follow-up survey results were not significantly different 
between the two variants.  The follow-up results also are very similar to the post-lab 
survey results that were obtained.  With question 5 for both variants, the follow-up 
surveys showed significant learning from the post-lab surveys.  This increase in survey 
scores was statistically the same for both variants, and there was no other significantly 
different follow-up values observed.   
 
  
3.7 Test Question Data Analysis 
 
 All students in the general chemistry I course take the same final exam (primarily 
associated with the lecture component of the course).  During each term of this study, a 
single multiple choice question related to the conductivity experiment, was included on 
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the final examination.  The examination results are sorted by section, and the average 
number of students who answered the question correctly is listed as a function of variant 
(Tables 3.36-3.40).    
 
 Each term the exam question was slightly different, but it always tested the 
student’s ability to determine which sample, when dissolved in solution, would create a 
conductive solution.  This test question is most similar in structure and content to 
question 6, which deals with organizing chemicals by their conductivity.  The students 
have to identify the type of solution and then organize them.  This is the same idea as 
each of the test questions in which the students needed to be able to identify the type of 
solution produced and its conductivity behavior from its name.  During Fall 08 each 
chemical was identified by only chemical formula, while in Winter 09 and Fall 09 the 
students were given the chemical names and formulae of the compounds.   
 
Table 3.36. Non-honors general chemistry I course Fall 08 final examination question student totals and 
percentile correct by variant. 
 
 
Table 3.37. Honors general chemistry I course Fall 08 final examination question student totals and 
percentile correct by variant. 
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Table 3.38. Non-honors general chemistry I course Winter 09 final examination question student totals and 
percentile correct by variant.  
 
 
Table 3.39. Non-honors general chemistry I course Fall 09 final examination question student totals and 
percentile correct by variant.                        
 
 
Table 3.40. Honors general chemistry I course Fall 09 final examination question student totals and 
percentile correct by variant. 
 
 
 The test result data above (Tables 3.36-3.40), show that the performance of each 
student for each variant was greater than 60% for all terms except the Winter 09 trailer 
course.    Students in the Winter 09 term had less than 60% of the students achieving a 
correct answer for this question for 3 of the four variants used.  Of the variants used only 
variant 1 had a score greater than 60% with this group of students.   
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 Statistical analysis shows that none of the variants has any significantly different 
effect on student performance on the test question relative to the other variants.  This 
could be due to many other factors associated with the testing that are not present in the 
laboratory.  In the future a more controlled experiment would be necessary to use 
performance on an exam question to provide information about differences in learning as 
a function of lab variant.   
 
  
3.8     Conclusions  
                                          
 This study has analyzed the effects of four different laboratory designs which test 
the effects of relevant samples and compare discovery based vs. verification based 
laboratory designs and their effects on student short-term and long-term learning.   
Results have yielded that variant 4 appears to have the largest impact on this student 
population’s ability to learn the main objectives of the experiment.  For the Fall 2009 
non-honors students the results of the follow-up survey showed students who performed 
variant 4 scored significantly higher than students who did variants 1 and 2 on questions 
related to the main laboratory objectives.  On question 6, students who participated in 
variant 2 performed significantly better than students who participated in variant 1.  
Results for variant 4 are in agreement with studies that showed that the use of relevant 
samples with which students can identify increases student learning in the laboratory 
environment.20, 21 Students who performed the experiment with variant 4 demonstrated 
learning on the highest percentage of questions, in comparison to the other variants.  
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Three of the questions where variant 4 students showed improvement were associated 
with the laboratory learning objectives. 
   
 Variant 3 students performed well with the experimental objective of the effect of 
concentration on conductivity and also with questions about outside applications of 
conductivity analysis.  This variant was found to be extremely weak for teaching how to 
distinguish between molecular and ionic compounds and their conductivities in solution.  
If a student is using a discovery-based experiment, it should be designed to focus on one 
key concept since this type of experimental design has limitations.27  The use of too many 
unknowns can cause confusion, but if used sparingly, can be used as an educational 
experimental design as seen from results presented earlier in this chapter.    
 
 Variant 2 students were successful at differentiating ionic and molecular solution 
conductivities, and they also learned that conductivity is a useful method of 
distinguishing solutions.   
 
 Students who did variant 1 did not show much learning, suggesting that this 
variant needs to be updated with newer samples to help capture the student’s attention 
and interests better.  
 
 Designs that included real world samples, variants 2, 3 and 4, all showed 
increases in survey scores that were significantly greater than variant 1 for at least one 
survey question.  The results of this study support the use of real world samples as a 
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beneficial alteration to a laboratory experimental design.  However, the number and 
choice of samples should be considered.  Too many real world samples in this study 
appeared to cause some confusion or inhibit the student’s ability to recall factual 
information, even when it was the basic concept of the experiment. By carefully choosing 
a lab design and employing real world samples, a better laboratory learning experience 
can be obtained for the teacher and the student.20, 21, 28 
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Chapter 4: Cellulose Regeneration Experimental Design 
 
 
4.1   Introduction: 
 
 I designed a cellulose regeneration experiment to answer my research question 
about the effect of experimental design on student learning.  The organic chemistry group 
in the department requested that the experiment incorporate both a bio-organic molecule 
and a polymerization reaction.  While researching how to generate long chain cellulose 
from short chains, I discovered a demonstration that described the reverse reaction.1-3  
This demonstration showed how to make rayon fibers from either cotton or newspaper 
(both good sources of long-chain cellulose).4  After reviewing the demonstration and the 
amount of time/chemicals needed to perform the reaction, I decided to modify it into a 
workable laboratory experiment for use in my research study.  Further research showed 
that this method of making rayon has been used successfully for classroom instruction in 
high school, for making medical supplies, and also for making different types of textiles5-
7 
 
4.2 Methods and Materials 
 
 Data collection for this study was conducted with an evaluation form consisting of 
six questions.  These evaluations were completed one week before the students 
performed the experiment, immediately after the experiment was completed, and during 
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the tenth week of classes.  Students performed this experiment during the fourth week of 
the term, allowing six weeks to pass before the final survey was completed.  Reagents 
used during this study are listed in Table 4.1.  All chemicals were used without additional 
purification. 
  
Table 4.1. Chemical list for the cellulose experiments 
 
     
 
4.3    Conversion of a Demonstration to an Experiment 
 
 There were a few challenges associated with the conversion of the demonstration 
to a useable experiment for this study.  The main challenges consisted of reduction of the 
chemical usage to minimize copper waste, optimization of the reaction time, and finally, 
most importantly, designing a procedure that allowed for comparison of the effects of a 
verification lab design and a discovery-based lab design.   
  
 Reducing the production of the copper waste was my first challenge/goal in this 
experimental design.  Copper carbonate is a metal salt that is toxic, and therefore should 
not be disposed of down the drain.4  Secondly, the costs of copper carbonate run about 
$90 for 500g of sample.  In an effort to save money and reduce toxic chemical wastes, 
ratios of the chemicals were scaled down in the experiment to minimize waste.  For the 
 112
original demonstration, the chemical usage was 500mL of 1M H2SO4, 100mL of 14.5M 
ammonium hydroxide solution and 10g of basic copper carbonate.1    
  
 The experimental procedure used in this study consists of the students measuring 
out 5 grams of copper carbonate and 70mL of concentrated 14.5M ammonium hydroxide.  
Students mix the two chemicals and stir to produce a deep blue solution of 
pentaamminecopper(II) complex.8  Next, students tear two cotton balls into small pieces 
and slowly, over the course of an hour, add the cotton pieces to the 
pentaamminecopper(II) complex.  After the sample is dissolved and the solution becomes 
viscous the students use a 3mL syringe to deliver three full injections into 60mL of 10% 
sulfuric acid solution.  Students stir the injected rayon samples with a glass stirring rod 
and press any blue clumps against the inside of the sulfuric acid wash beaker until all the 
blue has left the rayon sample.  The remaining rayon is then filtered out, and the students 
perform four different analyses of physical properties on the samples and fill in a data 
table with these results.   
 The general reaction for this complex formation for cellulose regeneration is: 
 Cu(OH)2·CuCO3 + 10NH4OH  →Cu[(NH3)5CO3] + Cu[(NH3)5(OH)2] + 10H2O 
 
 The primary product is pentaamminecopper(II), which has a stability constant β5 
of 12.43.  It is the major complex present due to the large amount of ammonium 
hydroxide (70mL of 14.5M) used in the reaction.  However, the solution also contains a 
large amount of tetraamminecopper(II), which has a high stability constant β4 of 12.6.9, 10  
These complexes are the main components needed to cleave the cellulose samples.  The 
cellulose is a polymer made up of the aldohexose D-glucose and is bonded via ß(1,4) 
 113
linkages between each D-glucose unit.  Either of the pentaamminecopper(II) and 
tetraamminecopper(II) complexes can attach to the cellulose at one of the glucose units.  
The proposed reaction mechanism that is generally accepted is that when the copper 
complex chelates, preferably to the hydroxyl groups of carbons 2 and 3 of the glucose 
unit, there are three main results: cleavage of the cellulose, the release of ammonia from 
the copper complex and the formation of a soluble cellulose/copper complex.10  
                       
Figure 4.1- Cellulose chain with hydrogen bonds shown before (top) and after chelation with copper 
ammonia complexes (bottom).11    
 
  For the first trial the reactant concentrations, excluding the cotton, were cut in 
half.  This would solve two problems at once.  In cutting down the quantities of all 
chemicals, the copper chemical usage was reduced and the experiment became more 
efficient.  Preparation of the cellulose in pentaamminecopper(II) took approximately an 
hour and a half for the majority of the cotton to dissolve.  Only one and half cotton balls 
were used in this version of the experiment since the solution quickly became highly 
viscous.  There were clumps of cotton, from the second cotton ball, in the solution that 
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did not dissolve fully, and these would prove to be problematic.   When drawing the 
dissolved cellulose into the syringe, the clumps of cotton kept clogging the syringe.   
However, when enough dissolved cellulose was collected, it was injected it into the 
sulfuric acid solution, and the sample came out in a dark blue bubble.  This was because 
of the lack of a needle tip on the syringe, which was done to minimize risk of injury to 
the students.  After about ten minutes the sample of acid with the injected rayon sample 
turned blue and parts of the outside of the bubble of rayon turned clear.  The bubble was 
stirred and squeezed against the inside of the beaker with a glass stirring rod, which 
caused the bubble to expand.  For the clean up of the chemicals, the blue rayon was easily 
poured out into a waste container.  However, a problem occurred during the cleaning of 
the beaker with the cellulose and pentaamminecopper(II) ; using water created over a 
gallon excess copper waste for a single group of 12 students.   Acetone made the sample 
sticky and significantly harder to remove from the beaker.  Upon completion of this 3-
hour experiment, about one gallon of copper waste was generated.  
  
 In the second test 70mL of ammonia was used instead of 50mL from the first trial 
to reduce solution viscosity and help dissolve the cotton.  Also, the two cotton balls were 
torn into very small pieces, as described in initial demonstration1 and added to the 
pentaamminecopper(II) solution slowly.  Another alteration made in this test was the use 
of 50mL of 10% sulfuric acid solution, which is one tenth of the original amount.  Both 
cotton balls dissolved completely in under an hour, which was much faster than the 
original trial.  There was no need to use a large bath of acid since the rayon bubbles 
formed as well in a small amount as they did in a large amount.   
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 During the clean up of this test, the sulfuric acid waste was poured into the beaker 
containing dissolved cellulose and pentaamminecopper(II).  When the mixture was 
stirred with the glass rod, it quickly and easily clumped together.  This clean up method 
eliminated excess waste from water washes, cutting down the total waste for the trial to 
less than 150mL. This procedure took only one hour and 15 minutes to complete.  
 
 A pilot study of the experiment using the improved design was performed in the 
organic chemistry II lab course during Spring 2009.  Two observations for the procedure 
were made during the course of this trial.  First, a student had let some rayon sample sit in 
the acid bath for 10-15 minutes unattended.  In the elapsed time, the cellulose became 
nearly clear and was slowly shredding into clear fibers.  The rest of the class then stirred 
the rayon samples in the baths, and the samples turned mostly clear.  Students added 
another 10mL of acid to the wash, and all the color was leached from the rayon samples.  
Total waste collected from this experimental trial (Figure 4.1) for a class with 14 people 
working in pairs, was ½ gallon (as compared to one gallon of waste for one person using 
the original design), including some extra washes to remove clinging blue cellulose. 
From start to finish, the entire experiment took one hour and 45 minutes to complete.    
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Figure 4.2. Jug of waste after pilot run Spring 2009. 
  
 A third trial of the experiment was run after the pilot study to test a new 
component of the experiment, a physical property examination.  Students pressed the 
rayon sample against the inside of the glass beaker containing sulfuric acid with a glass 
stirring rod.  While doing this, the students stirred the sample vigorously for 15-20 
minutes or until the rayon was all clear. Next, the students collected clear rayon by 
Büchner filtration, and then performed physical property tests, comparing the rayon 
against the cotton sample.  Since the rayon is very gel-like when wet and very brittle 
when dry, this physical property was included in the study.  Testing how well the two 
different samples could be woven was another physical test performed to demonstrate the 
drastic difference chain length has on this property.  The final two characteristics that 
were tested were the tensile strength and the solubility of the two samples. 2, 4  
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4.4    Experimental Design and Theory 
 
 Data collected for this part of the study focused on measuring the students’ ability 
to learn the process of rayon polymerization and the physical property differences 
between medium and short chain cellulose.  The data collected from the surveys were 
used to analyze the effect of a verification laboratory design (where students know the 
results before starting the lab) compared to a discovery-based lab design (where students 
do not know the final results) on student learning about polymers.  For this study, a chart 
with basic physical properties is given to the students.  The verification-based lab design 
has property information filled in for each sample, and the table in the discovery-based 
lab design is left blank for the students to fill in the property data.  With a “hands on” 
approach, it is thought that there will also be a better connection of the student with the 
experiment to help promote learning for both labs.12  How well the students are able to 
answer questions following the experiment will show the differences in the students’ 
learning from each laboratory design.  
  
 With the different variants, students will have the same general background and 
procedural knowledge by having the same introduction and procedure.  Additional 
information will be given in the chart for the verification design group and the same chart 
will be left blank for the discovery group.  Additionally the main active complex is not 
given to the students, but rather the reactants used to make the complex are given with 
their chemical names.  A comparison of the students’ ability to answer survey questions 
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relating to factual questions and questions regarding physical properties of the samples 
allowed for a comparison of the two lab variants. 
 
 
4.5     Discussion of Experiments 
      
 For students who performed variant B1, the verification laboratory design, the 
expected properties were filled in for both the medium and short chain cellulose prior to 
the completion of the experiment.  Upon collection of the wet sample, students verified 
the properties by testing them on the experimentally produced product and a sample 
prepared prior to class.  Since it takes hours for a rayon sample to dry completely, a 
sample was prepared before class, so the students could examine a dry sample.     
  
 For variant B3, the discovery-based design, the students received a blank chart of 
properties for both the medium and short chain length properties.  Students must 
complete the chart from their experimentally determined observations.  
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Chapter 5: Cellulose Lab Experimental Data 
 
 
5.1    Introduction 
 
 In this experiment, the effect of a verification and discovery-based lab experiment 
on student learning was studied.  This experiment involves cellulose regeneration that 
takes cotton and cuts the fibers down to much shorter lengths.  The experimental design 
allows students to become familiar with the direct connection between polymer chain 
length and physical properties.  With the verification-based lab design students are given 
additional information about physical properties and how they relate to cellulose chain 
length, by means of a data table, which can be seen in Appendix 2, section A.1.  For the  
discovery-based lab design students had to fill in the table with property information and 
descriptions of the different samples of cellulose from their experimentally determined 
results.1, 2  Data in the form of evaluation survey results have been collected for these two 
experimental variants, and the survey questions can be seen in Appendix 2, section A.2. 
 
 Other studies/experiments have used the cuprammonium rayon formation method 
to synthesize rayon.3-11  Most of the other studies with this rayon formation are rooted in 
the medical field, demonstrations for students, yield excess wastes, or focus on secondary 
property study of rayon.12, 13  Prior comparative studies focusing on the effects of a 
discovery-based lab design versus a verification-based lab design and other laboratory 
instructional styles were reviewed1, 2, 14, 15  Results of the prior studies, comparing the 
 122
verification-based lab instruction style with the discovery-based lab instruction style, are 
inconclusive and often contradict one another depending on the method of data collection 
employed in the study.  However, this is the first study to incorporate both the cellulose 
regeneration method with the comparison of the two laboratory instructional styles.   
 
 
5.2 Materials and Methods   
 
 See chapter 4, section 4.4, for chemical list and evaluation description.  Two 
laboratory variants were used for the laboratory experiment.  Each design was identical in 
introduction and procedure but differed in the physical property analysis section which 
consisted of a table of properties to be analyzed for the original cotton sample and the 
new rayon sample.  Physical properties for the verification lab design are already filled in 
for the property table; however, the discovery lab design has the property table left blank 
for the students to fill in the property information about the samples. 
  
 For the data analysis, the collected results were tabulated and analyzed in excel.   
The first analysis, a z-test, was done on the pre-lab survey and post-lab survey values to 
establish whether or not there was significant learning taking place from before the 
experiment to immediately after.  Next the pre-lab and post-lab differences for each 
variant were compared with a t-Test to establish whether one variant was better than 
another for specific questions of the evaluations.  Finally the last data analysis involves a 
t-Test comparison of data collected six weeks after the post-lab survey.  These follow-up 
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data are compared with the pre-lab and post-lab data for each variant.  All statistical 
analyses were determined to be statistically significant at the 95% confidence limit. 
 
 
5.3   Cellulose Regeneration Pilot Study  
 
 For this laboratory design a pilot study was performed in Spring 2009.  This study 
of the experiment was performed in order to determine its appropriateness for use in the 
organic chemistry lab II course and identify any problems associated with the 
experimental design.  There were no formal data collections done for this trial run.  
 
 
5.4 Chemistry 245 Fall 09 Data Collection 
 
 
5.4.1    Data Table Design and Evaluation Grading System   
 
 For this experiment there were two laboratory variants and one evaluation sheet 
design employed for the data collection.   Both of the experiments included the same 
background information and procedure, but the difference was associated with the data 
table for the experiment.  The data table compared several different physical qualities of 
both the long chain cotton and the short chain, which is the regenerated rayon sample.  
The physical traits examined by the students were: tensile strength-the force it takes to 
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pull a rope or fiber to the point it breaks, weave-ability-how well fibers can be interlaced, 
solubility-how well a substance dissolves in water and structural appearance-general 
structure shape (for cellulose it is typically fibrous or crystalline).  Variant 1, the 
verification design, results are coded as B1, for this study, and variant 2, the discovery-
based design, results are coded as B3.  For the verification design the physical properties 
are included in the data table, while the properties are left blank for the discovery-based 
design.  Students for this discovery-modeled experiment have to determine the physical 
properties of the samples and fill in the chart, instead of just confirming that their 
observations agree with the information in the table.  These two experiments with their 
full procedures and introductions are included in Appendix 2. 
 
 An evaluation sheet consisting of six questions, were used to evaluate student 
learning of the concepts and processes of the experiment.  The evaluation sheet was 
completed three times over the course of the Fall 2009 term.  To establish their baseline 
knowledge, students completed an evaluation survey one week prior to the experiment 
“pre-lab survey”.  The laboratory procedure was handed to the student when they turned 
in the survey.  When the experiment was completed, and before the students left the lab, a 
second evaluation questionnaire “post-lab survey” was completed by the students.  
Finally, a third (follow-up survey) evaluation collection was completed by the students 
six weeks later, in the tenth week of classes.  See Appendix 2 section A.2 for a copy of 
the evaluation sheet for this experiment. 
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 After the evaluation sheets were collected, each sheet was numbered and then 
coded.  The coding was a quantification of how well each question was answered by the 
student.  This coding was done without knowing which variant or class section was being 
scored to eliminate any potential for bias.  Overall values were tabulated and analyzed for 
statistical significance, which will be discussed in greater detail later in the chapter. 
The question coding is included in Table 5.1 below. 
 
Table 5.1. Evaluation coding and criteria chart for cellulose experiment (Fall 2009). 
         
         
  
5.4.2 Data Collection Discussion 
 
 There were a total of four sections in the CHEM 245 organic chemistry laboratory 
II course that participated in the study.  The collection yielded 25 useful data points for 
the pre-lab and post-lab surveys for the verification lab design (B1) and 18 pre-lab and 19 
post-lab surveys for the discovery lab design (B3).  Data collection for the follow-up 
survey yielded fewer results for variant B1 (22) and about the same amount for B3 (18).  
One of the data collection sheets was discarded because the student included comments 
that had nothing to do with the questions.
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5.4.3    Statistical Analysis 
 
 For the first part of the data analysis, data were collected and averaged for each 
variant and for each evaluation.  Average scores for each variant are shown in Tables 5.2 
A and B.   
 
Table 5.2A. Pre-lab survey averages for the cellulose regeneration experiment with standard deviation (1σ) 
for each lab variant. 
 
 
Table 5.2B. Post-lab survey averages for the cellulose regeneration experiment with standard deviation (1σ) 
for each lab variant. 
 
 
Table 5.3. Pre-lab and post-lab survey differences with z-Test analysis results for both cellulose 
regeneration experimental variants. Values for Source Diff. are (Source 2 - Source 1).  S1 #Obs. and S2 
#Obs. are the number of surveys from the Source 1 and Source 2 data collections, respectively. 
 
 
 127
 Initial results show significant learning from the pre-lab to post-lab evaluations 
for the students with both variants for all questions.  The pre-lab to post-lab differences 
for the verification design are noticeably higher for questions 1-4 than the discovery-
based laboratory design (Table5.3).  Variant B3 shows a greater increase in learning from 
pre-lab survey to post-lab survey for the discovery-based lab over the verification-based 
design in questions 5 and 6. 
       
 In question 1 the student is asked about what the active complex is in the cellulose 
regeneration.  The data show that the students did not score more than 2 out of 4, which 
means that the students only got part of the question correct.  This result could be due to 
the difficulty of the question or the lack of information provided about the complex or a 
combination of the two.  More data are needed to explain this result. 
 
 Question 2 asks the student what physical tests can be performed to distinguish 
between long-chain and short-chain cellulose.  All students showed learning from pre-lab 
survey to post-lab survey, but the students who used the verification design showed 
higher gains.  This could be due to the fact that since the students are verifying the data 
table, they can pay more attention to the basic details of the tests.  The students test the 
properties and do not have to focus on designing their own methods of testing the 
properties of the samples as seen in the discovery-based design.  Focusing on how to test 
each trait shows an increase in learning, but, compared to the verification design, there 
appears to be some confusion in the discovery design, possibly due to the lack of data.     
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 The third question, a fact-based question about the name of the repeating unit, is 
covered in the introductions of both laboratory designs.  Cellulose is discussed as being 
made up of repeating units of glucose.  The verification design showed nearly 100% of 
the students answered this question correctly on the post-lab survey (Table 5.2B).  For the 
discovery design it is possible the work of having to fill in the property chart hinders the 
student’s ability to remember basic facts from the laboratory.  More research will have to 
be done to properly ascertain the limitations of this experimental design. 
 
    With question 4, students are asked to identify whether or not the physical 
properties of cellulose remain the same for all chain lengths.  Results for this question 
show the verification-based lab design had a greater pre-lab to post-lab survey score 
difference than the discovery-based lab design.  Again it is possible that the students are 
remembering the fact-based information given to them in the physical property table in 
the experiment.  Since students who do the verification-based design do not have to build 
the physical property table like the discovery-based lab design, they need only to focus 
on remembering facts from the experiment and not the procedures for attaining this 
information.   
 
 Question 5 asks about the use of rayon in artificial kidney filtration.  The 
discovery-based lab design showed a greater difference between pre-lab and post-lab 
evaluation surveys over the verification laboratory design for this question.  This could be 
due to the discovery-based lab variant making students think about the types of tests to 
perform and how to perform them.  Students are asked to think outside of the laboratory 
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experiment reaction chemistry for methods of applying the physical properties and 
comparing them.  With the verification-based lab design students test the physical 
properties of the cellulose samples based on information provided in the physical 
property table.  Since this question is applying the properties of cellulose to an 
application not focused on the experiment, it is plausible that the students in the 
discovery-based lab design were thinking outside of the lab reactions from having to 
build the physical property table themselves.  This could explain why the students had a 
greater difference between pre-lab and post-lab evaluation surveys. 
 
 Question 6 makes the student think about why ammonia is used in place of water 
for this reaction.  Students who had the discovery-based laboratory showed greater 
learning for this question.  This could be due to the students thinking more outside of the 
laboratory for a way to fill in the physical property chart.  Students running tests to find 
the answer themselves are able to think deeply about building the information for the 
physical property table.  Students being asked to think outside of basic lab procedure and 
having to rely on their own knowledge to test the physical properties might have helped 
them to better remember cellulose’s lack of solubility in water. 
                 
Table 5.4. Cellulose regeneration experiment pre-lab and post-lab survey difference values analyzed with a 
t-Test between variants by question.  Values of Source Diff. are (Source 2- Source 1).  S1 #Obs. and S2 
#Obs. are the number of surveys from the Source 1 and Source 2 data collections, respectively. 
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 Results of the pre-lab and post-lab survey difference comparisons indicate that 
question 2 was the question that had the largest difference between the two lab design 
evaluation questions (Table 5.4).  This question asks about qualitative tests which can be 
performed to establish the relative chain length by physical property tests.  Looking more 
closely at the results shows that students who had the discovery-based lab design were 
not able to distinguish how to relate the physical properties to the chain length as well as 
the students who had the verification-based lab design.  An explanation for this result is 
that the students, when building the data table for the discovery-based design, were not 
coming to clear conclusions for the physical properties.  A redesigning of the table’s 
property choices or different tests may help to rectify this for future versions of the 
discovery-based design.  
 
 This initial data collection and evaluation showed that, immediately following the 
laboratory experiments, students scored the highest on four out of six questions with the 
verification-based lab design compared to two out of six for the discovery-based lab 
design.  The discovery-based lab design has illustrated two characteristics with its 
instructional use.  These are the ability for students to learn factual information from the 
experiment and confusion resulting from students completing the physical property table.  
Questions 1, 3, 4, 5, and 6 all showed no significant difference (at the 95% confidence 
level; t-test) between the two variants. 
  
 131
5.4.4 Follow-up Results Analysis 
 
 Data analysis for the follow-up evaluation surveys involved the pre-lab and post-
lab survey values being compared (Figure 5.1). 
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Figure 5.1. Pre-lab survey, post-lab survey and follow-up survey scores (maximum score = 4) for 
verification lab (A) and discovery lab (B) designs of the cellulose regeneration experiment. 
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Table 5.5. Differences between follow-up survey results and pre-lab or post-lab survey results for 
verification lab designs of cellulose regeneration experiment.  Significance is reported using p values from 
t-Test analysis.  Value of source diff. is (Source 1-Source 2).  S1 #Obs. and S2 #Obs. are the number of 
surveys from the Source 1 and Source 2 data collections, respectively.  The data provided show only 
significantly different values. 
         
 
Table 5.6. Differences between follow-up survey results and pre-lab or post-lab survey results for discovery 
lab variant of cellulose regeneration experiment.  Significance is reported using p values from t-Test 
analysis.  Value of source diff. is (Source 1-Source 2).  S1 #Obs. and S2 #Obs. are the number of surveys 
from the Source 1 and Source 2 data collections, respectively. 
     
 
 The verification-based lab data (Figure 5.1A) illustrate that all of the follow-up 
data points, with the exception of question 5, showed a decrease from the post-lab survey 
evaluation value.  Question 5, which asked about the use of cellulose for artificial kidney 
filtration, does not show a significant increase from the post-lab survey score, and it is 
nearly identical to the discovery-based lab’s follow-up survey score.    For both variants 
the score averaged approximately 1.75 out of 4, which means students either got the 
answer wrong or only partially correct.  Students with both variants of the experiment did 
not retain knowledge of this question.  This could be due to the application (kidney 
filtration) and experimental tests performed not being closely related, which could mean 
the lack of a concrete example hindered their connection to the application.  Students did 
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not understand how kidney filtration and the physical properties being tested related to 
one another.  This corresponds to the results seen in the study by Kaminski, Sloutsky and 
Heckler of Ohio State University.  Their study of  how relevance and concreteness affect 
learning transfer in students shows that when students are given experiments that use 
concrete examples that they can understand and see how it applies to them greater 
learning takes place than without any concrete examples.16  
 
 Students over the six-week period between the post-lab and follow-up surveys 
showed a significant decline in their ability to answer question 4.  However, the follow-
up score was still significantly higher (at the 95% confidence level, t-test, Table 5.5) than 
the pre-lab survey for the verification lab design.  This question asks the students whether 
all cellulose maintains the same physical properties at different chain lengths.  If students 
focused on how these tests were applied theoretically, they would have shown initial 
learning and retained knowledge of how to answer the question.  Even though the 
verification design showed an initial high post-lab value, the relation of physical 
properties to chain length appears to have been forgotten in less than six weeks by most 
students.  Therefore, for teaching this relationship, the students should have an activity, 
such as a filtration study, to help distinguish between the chain length and physical 
property differences. 
 
 Question 6 asks the reason ammonia is used in the reaction.  Results show the 
students did learn this concept/procedural information initially, though it is not explained 
in the procedure, from doing the experiment.  In the follow-up survey however, the 
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students show a decrease in score from the post-lab survey that is significant.  This could 
be caused by the method of teaching this concept is not appropriately designed to work 
well with the discovery-based design in the long term.  From previous results in this 
study it has been seen that fact-based knowledge is one of the teaching strengths of this 
design.  In future research and designs for teaching this fact directly and not indirectly 
stating it with the reaction and procedure alone,   This is could be a reason why the 
students did not maintain the same ability at answering the question several weeks after 
the experiment was completed..  
 
 The first question asks the student to identify the complex that is the active 
reagent in the cellulose reaction.  Students initially showed learning of this question, but 
the results of the follow-up data show a significant decrease for the verification–based lab 
design.  While the post-lab scores were higher than the pre-lab scores, the average student 
scores (approximately equal to 1) show they do not know the answer.  The follow-up 
scores suggest that the students did not put an answer or guessed incorrectly.  It would 
seem that the students need more information on the complex, besides a listing of the 
ingredients.  It is possible that giving a general reaction scheme would work better in that 
it would not merely state the name of the active complex, but the students would have to 
study the formula and learn the name from the reaction shown.  The use of ammonium 
hydroxide with copper carbonate should have been a hint as to what product was formed.  
However, the students scored no better overall than partially correct.  The procedure in 
the verification design is not enough by itself to teach the students about the separate 
parts of the reaction that take place.                
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 For the discovery-based design the data were quite different from the verification 
results.  The follow-up results for question 2 were the only values for the discovery-based 
lab to have a significant difference from the initial evaluation.  The scores for this 
question for the discovery-based lab design’s follow-up analysis are higher than the 
verification design’s follow-up results (Figure 5.1).  Students who participated in the 
discovery variant had to devise their own way of testing the cellulose sample’s physical 
properties that were listed in the property table and fill in the missing information.  
Constructing a mental and physical schema of filling in the physical property table for the 
data, allowed for a stronger foundation for long term learning.15, 17-20   
 
 For question 3, both variants decreased slightly after six weeks from the post-lab 
survey to the follow-up survey.  But overall both variants did not change significantly for 
this fact-based question that was covered in the experimental introduction. 
 
Table 5.7. Cellulose regeneration experiment follow-up survey comparative analysis of verification-based 
(B1) and discovery-based (B3) lab designs.  P values were calculated using a t-Test.  Value of source diff is 
(Source 1- Source 2).  S1 #Obs. and S2 #Obs. are the number of surveys from the Source 1 and Source 2 
data collections, respectively. 
         
                   
 Follow-up data showed the same trend seen in the post-lab survey analysis of the 
two variants.  Question 3 was found to be the only significantly different (at the 95% 
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confidence level, t-Test) follow-up value when comparing the two variants.  The results 
for the follow-up lab surveys showed both lab variants scored the same for this question.  
As discussed above, the discovery-based lab design has students focus more on studying 
and building the physical property table through tests.  Based on this reasoning the values 
for question 2 should be better for the discovery-based design.  The post-lab data show 
that immediately after the lab is completed the verification-based lab design scores 
higher.  However, after six weeks the verification-based lab design had a significant 
decrease that matched the post-lab survey scores of the discovery-based lab design.  
Therefore, the discovery-based lab students retained the information they learned to 
answer question 2 better over the six weeks after the lab was completed.   
 
 Only question 2 showed a significant difference between the two lab designs.  
This question related to one of the main learning objectives of the lab.  The other 
questions showed similar scores for each variant. These scores can be seen in Figure 5.1.  
 
 
5.5 Conclusions  
  
 Both laboratory designs provided instruction that promoted learning among the 
students.  Students who used the verification laboratory design scored higher on 
questions 1-4 than students who used the discovery laboratory design.  Students who used 
the discovery-based lab design performed better initially with higher post-lab evaluation 
survey scores for questions 5 and 6.   
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 The discovery laboratory design allowed students to focus on a specific area of 
the experiment in the second part of the procedure, and the learning that took place was 
shown to be retained better in question 2.  This was due to the students having to think 
about, how to explain and test the physical properties of the sample.      
 
 Both experimental designs were successful.  With the verification-based lab 
design the students gained a greater overall knowledge of factual and procedural 
knowledge immediately, and still retained a significant amount of knowledge compared 
to their pre-lab survey scores.  The discovery-based lab design was better at teaching very 
specific concepts.  In this case, the students had a better retention of the physical 
properties of cellulose as compared to the verification-based lab design.   
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Chapter 6: Conclusions and Future Work 
 
 
6.1 Overall Results from Studies 
 
 This study is focused on quantifying the effects of relevance with the use of real 
world samples and the differences in learning that are seen between the traditional 
verification laboratory design and the discovery based laboratory design.  A study of 
relevance in a conductivity of solutions is one of the unique facets of this study.  In 
addition to relevance this study incorporates the effects of prior knowledge with the 
conductivity of solutions experiment.  Finally there has been no previous use of a 
cellulose regeneration experiment to study the effects of both verification based design 
versus discovery based design instruction.  From the data that has been collected these 
are the following conclusions that the research has yielded: 
• Relevance when incorporated into the original laboratory design shows a 
significantly different increase in learning, limited to where in the laboratory 
procedure the samples were used. (Chapter 3) 
• Using real world samples in a laboratory with a discovery based design does have 
a significant increase in the student understanding of concentration effects on 
conductivity in learning over the laboratory design without real world samples 
present. (Chapter 3) 
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• For the greatest increase in student learning from a conductivity of solutions 
laboratory, a traditional verification design using relevant samples and aspects of 
problem based learning performed the best of all four variants used. (Chapter 3) 
• A student’s prior knowledge is important for students to not only develop a 
relevant connection with an experiment, but it allows for significantly greater 
learning, understanding and application of instructed concepts. (Chapter 3 and 5) 
• With a cellulose regeneration experiment, a verification lab design showed the 
greatest overall increase in learning. (Chapter 5) 
• The discovery based design used in the cellulose regeneration experiment yielded 
stronger learning than the verification design for applications of the product 
outside of the chemistry laboratory. (Chapter 5) 
• Overall discovery based lab instruction is a strong teaching design but has been 
found to work best for promoting thinking of applications of conductivity 
measurement, and rayon. (Chapters 3 and 5) 
 
 
6.2 Future Work 
 
 I would like the chance to test the effect of relevant samples in the full design of 
variant 2 and how it compares to variant 4 of the conductivity lab designs.  After that I 
would apply relevant samples to other laboratories of the general chemistry laboratories 
and see the effect that they have in other conceptual instruction.  For the next area I 
would like to extend this study into would be the organic chemistry laboratories, and 
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using relevant real world synthesis laboratories of more commonly occurring products 
that students would have experienced.   I would also work on concentrating on what 
concepts of various experiments the discovery lab design works best with. 
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Appendix 1 
A1.1 Lab Variants 
Lab Variant 1: 
EXPERIMENT #3  - CONDUCTIVITY OF SOLUTIONS 
 
OBJECTIVE 
This experiment is designed to show the differences between ionic and molecular 
compounds as determined by a measure of their conductivity.  There are two primary 
objectives of the experiment.  The first is semi-quantitative in which a rough separation based 
on “low” and “high” conductivity values will enable us to separate compounds as being either 
ionic or molecular.  The second part is a more quantitative study in which the effect of both 
the concentration and number of ions will be evaluated.  Data for the first part will be recorded 
manually, while the data for the second part will be collected using a computer-assisted 
method incorporating the Vernier LoggerPro System. 
 
 
BACKGROUND 
All chemical compounds can be classified as being either ionic or molecular (sometimes 
also called covalent) based on their properties.  Table 3.1 below gives some of the typical 
properties of each type.  A more detailed discussion of the similarities and differences can be 
found in Sections 3.1 (pages 79 to 82), 3.5 (pages 89 to 95), and 3.7 (pages 98 to 101) in 
your course textbook, Chemistry: The Molecular Science, Third Edition by John W. Moore, 
Conrad L. Stanitski, and Peter C. Jurs. 
 
TABLE 3.1  -  PROPERTIES OF IONIC AND MOLECULAR COMPOUNDS 
MOLECULAR COMPOUNDS IONIC COMPOUNDS 
mostly nonmetals with nonmetals metals with nonmetals 
gases, liquids, or solids mostly crystalline solids 
brittle, weak, and/or soft hard, brittle solids 
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low melting points high melting points 
low boiling points high boiling points 
poor conductors of heat and electricity good conductors of heat and electricity 
many insoluble in water many soluble in water 
 
 
The characteristic we are going to focus on in this experiment is the ability to conduct 
electricity.  When an ionic compound dissolves in water it, dissociates, or fragments, into 
charged species called ions.  These ions enable the solution to conduct electricity.  When this 
happens, an electrical circuit is completed across the electrodes of a conductivity probe, and a 
numerical measure of the conductivity is possible.  When the value of the conductivity is 
“high”, the solution is termed an electrolyte.  For example, when common table salt (NaCl) is 
dissolved in water, it completely dissociates into Na+ and Cl- ions.  It is these ions in solution 
that give the observed conductivity: 
NaCl(s)               J           Na+(aq)    +    Cl-(aq) 
Molecular compounds, for the most part, do not dissociate into charged species but 
rather remain as intact molecules.  Because of this, they do not conduct electricity to any 
appreciable extent.  There is normally some slight residual conductivity from distilled water 
because it naturally contains a very low concentration of H+ and OH- ions (we’ll study this in 
more detail in CHEM 102).  When the value of the conductivity is “very low”, the solution is 
termed a nonelectrolyte. An example of this is ethanol (grain alcohol), which simply dissolves 
and does not dissociate: 
C2H5OH(l)          J              C2H5OH(aq) 
Therefore, based on a measurement of conductivity, we can make a rough separation as to 
class of compound, either ionic or molecular.   
While these examples define the two extremes of behavior, there are some compounds 
that give “not too low” but “not too high” conductivity.  They are essentially a “middle ground” 
in these two classes of compounds.  An example of this is household ammonia (a solution of 
NH3 in water), which is partially dissociated: 
NH3(g)    +    H2O(l)               '   NH4+(aq)    +    OH-(aq) 
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This is an example of a chemical equilibrium condition (indicated by the arrow going in 
both directions), which we shall discuss in more detail in CHEM 102.  In this case, the reaction 
goes to less than about 5% completion, so it is termed a weak electrolyte.  Therefore, we can 
use conductivity to categorize compounds into categories: (a) strong electrolytes, which 
completely dissociate and give high conductivity, (b) nonelectrolytes, which dissolve, do not 
dissociate, and show very low conductivity, and (c) weak electrolytes, which dissociate “a little 
bit” but not enough to give a high conductivity.  In Part A of this experiment, we are going to 
investigate a series of aqueous solutions (water is the solvent) of various types.  Each solution 
will have the same concentration, so the effect of concentration will not play a role: we’ll study 
that effect in Part B.  Based on the value of the conductivity you record, you will then assign 
each compound to one of the three classes listed above. 
Since conductivity is roughly a measure of the concentration of ions in solution, it is 
logical to expect that higher concentrations should yield higher conductivity.  A point that may 
not seem quite as obvious is the effect, if any, from ionic charge.  That is, does an ion having 
a +1 (or -1) charge have as much of an impact as an ion of +3 (or -3) charge at the same 
concentration, or do all ions behave the same regardless of charge?  Different charges mean 
different stoichiometry, which may affect the conductivity.  For example a 1.0M solution of the 
electrolyte KCl would dissociate to give 1.0M of K+ and also 1.0M of Cl-, so the effective “total 
ion concentration” is 2.0M.  On the other hand, a 1.0M solution of an electrolyte such as MgCl2 
would give a different total ion concentration.  When it dissociates, there are two Cl- ions for 
each Mg+2 ion, so now the “total ion concentration” would be 3.0M.  What impact does this 
have?  Does the fact that the charges are +2 and -1 make a difference compared to +1 and -
1?  This will be explored in Part B, in which we shall start with pure water (which will have a 
very low conductivity) and then add a specified number of drops of different materials, each at 
a concentration of 1.0M.  One will be a nonelectrolyte (molecular compound), a second will be  
NaCl (an electrolyte with a +1 and a -1 ion), a third will be CaCl2 (an electrolyte with a +2 and 
two -1 ions) , and then finally AlCl3 (an electrolyte with a +3 and three -1 ions).  By 
measuring the conductivity of each one and then constructing a plot of conductivity as a 
function of the number of drops added, we shall see the effect, if any, that ionic charge has on 
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conductivity.  Mathematically, evaluating the slope of each straight line generated will show 
the effect of the charges: the larger the slope, the greater the impact.  This part of the 
experiment will be done by using the Vernier LoggerPro system to collect data and store it in 
data files.  Prior to leaving the lab you can the email the data file to yourself or copy it from 
the laptop computer and take it with you.  When writing your lab report, you will open this 
data file and construct the necessary graphs.  By plotting the graph for each of the four 
compounds within the same set of axes (essentially overlaying all of the graphs) the effect of 
ionic charge will become apparent. 
 
 
EXPERIMENTAL PROCEDURE 
A  -  CLASSES OF COMPOUNDS 
1. The laptop will already be set up for you when you arrive at the lab.  Set the switch on 
the conductivity probe for the 0-20000 range (the uppermost position).  On the desktop 
you will find an icon labeled CONDUCTIVITY (A).  Double click on the icon to open the 
application.  When it has opened, the desktop will show a large display of the numerical 
value of the conductivity.  The standard unit of conductivity is the mho/cm, which is now 
more commonly referred to as siemen/cm.  To keep the magnitude of the numerical 
values more “reasonable” the display is expressed in microsiemens/cm (μS/cm).  In Part 
A, you will manually record the conductivity on your data page. 
2. Into a small test tube place enough distilled water to fill the tube about 1/4 of the way.  
When the conductivity probe is placed in the tube, the liquid level will rise and cover the 
sensor, which is located in the hole at the bottom of the probe.  When the value of the 
conductivity has stabilized, record it on the data page.  Ideally, distilled water should 
show a conductivity of zero, but there is normally some small residual value due to 
minute amounts of H+ and OH- ions that naturally occur in pure water. 
3. Empty the distilled water from the test tube and replace it with a similar amount of 0.05M 
CH3OH.  NOTE:  There are two CH3OH solutions stored on the front bench.  In this part 
you want the 0.05M solution (stored in a plastic squeeze bottle) and not the 1.0M 
solution stored in the clear glass bottle.  The more concentrated solution will be used in 
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Part B.  Before testing this solution, clean the probe by rinsing it with a small amount of 
distilled water from a wash bottle.  Blot the outside of the probe end with a paper towel.  
It is not necessary to dry the inside of the hole near the probe. 
4. Measure the conductivity of the 0.05M CH3OH solution and then record its value on the 
data page when it has stabilized. 
5. Repeat this procedure for each of the solutions listed on the data page, making sure to 
properly rinse the probe between each solution to prevent contamination from the 
previous solution. 
6. Just for comparison sake, also measure the conductivity of tap water and compare it to 
the value you observed for distilled water.  This should show why distilled water is used 
to make each of the solutions and also why it serves as a “control”. 
7. When the last solution has been tested, close the application by selecting EXIT from the 
FILE menu, or just select ALT plus F4.  If you are asked if you want to save any 
changes, select NO, so it will be ready for the next class. 
 
B  -  EFFECT OF CONCENTRATION 
1. Change the switch on the conductivity probe to the 0-2000 range (the lower position).  
On the desktop you will find an icon labeled CONDUCTIVITY (B).  Double click on the 
icon to open the application.  When it has opened, the desktop will show both a graph 
and a data table to the left of the graph.  The table will have columns to record Volume 
(in drops) and the Conductivity (in μS/cm).  There will also be a display of the 
conductivity directly beneath the two columns.  In Part B, the computer will record the 
data. 
2. Obtain a plastic pipet and place in it some 1.0M CH3OH solution that is stored on the 
front bench.  NOTE:  you only need a small amount of solution for this part.  Withdraw a 
small amount directly into a plastic pipet: do not pour the solution into a beaker to take 
a sample. 
3. Add about 70 ml of distilled water (remember: we found out in Part A why distilled water 
must be used) to a clean 100 ml beaker.  Click COLLECT at the top of the screen.  Using 
 149
the probe, stir the contents of the beaker for a few seconds and then leave the probe sit 
undisturbed in the beaker. 
4. When the conductivity reading has stabilized, click KEEP and then enter 0 in the edit box 
(indicating that zero drops of the CH3OH have been added).  Press the ENTER key to 
store this data pair.  This gives the conductivity of the water before anything has been 
added to it. 
5. Add 1 drop of the 1.0M CH3OH solution, use the probe to stir the solution, and then 
repeat Step #4, this time entering 1 (the total number of drops of CH3OH added) in the 
edit box and press ENTER.  Repeat this procedure until a total of eight drops have been 
added.  Each time, the value to enter is the TOTAL number of drops of 1.0 M CH3OH that 
have been added to the beaker. 
6. Click STOP when you have finished collecting data.  To save the data file to the desktop, 
select EXPORT AS TEXT from the FILE menu and give the file a name.  Since this was 
done by adding CH3OH to the distilled water, you may as well just call it CH3OH. 
7. Select CLEAR ALL DATA from the DATA menu.  Don’t worry: all of your data were 
saved to the desktop in Step #6. 
8. Now we want to repeat this study using other materials in place of 1.0M CH3OH.  Starting 
with a new, clean, plastic pipet (throw the old one away to prevent contamination), 
repeat Steps 2 through 7 using 1.0M NaCl, then 1.0M CaCl2, and finally 1.0M AlCl3. 
9.  When you have collected data for all four samples, go to the FILE menu and select EXIT, 
or just select ALT plus F4.  You will be asked if you want to save the changes made to 
CONDUCTIVITY (B).  Select NO, so it will be all set up for the next class.  All of the 
data have already been saved in their own respective files. 
10. When you return to the desktop, you will see your four data files there, identified by the 
names you assigned.  You will need these files to complete your lab report.  You can 
email them to yourself.  The PC is equipped with a wireless Internet card, and you can 
email the necessary files from the lab.  Alternatively, you can also transfer them to a USB 
Flash Drive if you prefer.  CAUTION: The computer is already set up for the appropriate 
wireless connection network.  If you try to change to a different one, chances are very 
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good that it will not work properly.  DO NOT CHANGE THE WIRELESS NETWORK 
SETTING. 
11. After you have transferred your data files, move them to the recycle bin and then delete 
them from the system.  Your instructor will not sign your data sheet until each of these 
steps has been completed. 
 
TREATMENT OF THE DATA 
1. Using the numerical conductivities you recorded on the data page, line them up in order 
of increasing (lowest to highest) values.  Based on the magnitude of those values, assign 
each solution to one of three categories: (a) strong electrolytes (which are the ionic 
compounds), (b) nonelectrolytes (which are the molecular compounds), or (c) weak 
electrolytes (those that show an equilibrium condition). 
2. To interpret the data in Part B, a more mathematically based treatment is needed.  Open 
any one of your four data files using an application that can be used to graph the data, 
such as Microsoft Excel.  Prepare a graph of the data by plotting conductivity on the y-
axis and the total number of drops on the x-axis.  By the method of linear regression 
using all of the data, determine the slope of the best straight line through the points: this 
will be the determining factor in making your conclusion.  Repeat this process for each of 
the other three data files.  You might find it more convenient to plot all four graphs within 
the same set of axes (as overlays).  By doing this, you will have a single picture that 
shows all of the data simultaneously. 
3. From your data in Part B, rank the materials tested in increasing (lowest to highest) 
impact on conductivity.  The slope will help you do this.  Since the slope is the change in 
y axis (the change in conductivity) relative to the change in the x axis (the change in the 
number of drops), the larger the value of the slope, the larger is the impact.  From this 
you should be able to conclude what effect, if any, the total ionic concentration of the 
solution has on the conductivity. 
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LABORATORY REPORT 
Your laboratory report must consist of the following sections, worth the indicated point values: 
  Procedure (submitted before lab) 5 points 
  Cover Page 5 points 
  Introduction 15 points 
  Experimental Data and Graphs 45 points 
  Conclusions and Discussion 15 points 
  Signed Data Page 15 points 
A. The Introduction must contain a discussion about the similarities and differences between 
ionic and molecular compounds.  Specifically include a discussion about the differences in 
conductivity of each type.  Also make sure to indicate the three categories that will be 
used to classify the types of solutions studied.  The effect of concentration and/or charge 
on the measured conductivity must also be considered.  It is effectively your 
understanding (but not a direct copy) of the concepts presented in the Background 
section of this manual. 
B. The Experimental Data and Graphs section must contain all of the calculations listed in 
the TREATMENT OF THE DATA section.  Also, it is to contain a printout of all of your raw 
data and the graph for each solution studied in Part B. 
C. Conclusions/Discussions must reflect back to your data and experimental results.  You 
should provide explanations for your results here. 
 
THE PROCEDURE MUST BE SUBMITTED BEFORE YOU DO THE EXPERIMENT.  FAILURE TO 
SUBMIT IT ON TIME WILL GIVE NO POINTS FOR THIS SECTION. 
NOTE:  Your signed data page must be included with your lab report.
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DATA PAGE 
 
NAME____________________________________    SECTION___________    DATE________ 
 
 
PART A  -  CLASSES OF COMPOUNDS 
 
  SOLUTION CONDUCTIVITY (μS/cm) 
 
  Distilled Water _____________________ 
 
  0.05M CH3OH _____________________ 
 
  0.05M C2H6O2 _____________________ 
 
  0.05M H3BO3 _____________________ 
 
  0.05M CH3COOH _____________________ 
 
  0.05M KBr _____________________ 
   
  0.05M HCl _____________________ 
 
  Tap Water _____________________ 
 
 
 
INSTRUCTOR’SIGNATURE_____________________________         DATE___________ 
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Lab Variant 2: Altered Data Sheet 
DATA PAGE 
 
 
NAME                                                             SECTION                              DATE          _ 
 
 
PART A – CLASSES OF COMPOUNDS 
 
    SOLUTION                        CONDUCTIVITY        (µS/cm) 
 
 
 
 
    Distilled Water                                                                     _ 
 
 
    0.05M  NaCl                                                            _ 
               (salt water) 
 
    0.05M  HCl                                                                          _ 
               (bathroom toilet cleaner) 
 
    0.05M CH3COOH                                                       _       _ 
               (Vinegar-Acetic Acid) 
                                                                   OH 
    0.05M CH3CHCH3                                                               _ 
    (Rubbing Alcohol) 
 
    0.05M  NH3                                                                          _ 
    (Ammonia-cleaner) 
 
    0.05M C6H12O6                                                                    _ 
    (Glucose: Grape Sugar soln.) 
 
    Tap Water                                                                             _ 
 
 
     
 
 
 
INSTRUCTOR’S   SIGNATURE                                                          DATE                _ 
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Lab Variant 3: 
 
Conductivity of Solutions 
 
Lab Objectives 
 
• To investigate the difference in conductivity of molecular and ionic solutions. 
• To observe the effect of concentration on the overall conductivity of a solution 
• To illustrate various uses for the conductivity measurement, not only as a 
quantitative tool, but also as a qualitative one 
 
Background  
 
 The measurement of a solution’s ability to transmit electrical current is defined as 
the solution’s conductivity. In this experiment the characteristics of solution conductivity 
will be examined.  
Water is an important solvent because it can dissolve a large number of different 
compounds.  As a neutral molecule, water does not promote the flow of electricity.  A 
solution with water as a solvent can be a good conductor if ions, which enable the 
transfer of charge through the solution, are present.  When a soluble solid is put into 
water, one of the following three things can happen: dissociate into ions, it can dissolve 
without ionizing or a combination of both can occur.  When a compound dissociates 
completely upon placement in solution, it is categorized as a strong electrolyte.  One such 
strong electrolyte is NaCl (table salt).  As seen in (1), NaCl dissociates completely into 
two ions upon emersion into water.  Upon dissociation the charged ions from the NaCl 
can act as carriers for current and therefore promote conduction of electricity through the 
solution.   
            
NaCl (s)     Na+(aq) +  Cl-(aq)    (1) 
 
However, not all electrolytes ionize completely.  Compounds that only dissociate a small 
amount when they are dissolved into a solution are categorized as weak electrolytes.  
When a weak electrolyte dissolves, most of the compound remains electrically neutral.  
However, a small portion, shown below with the dissociation of acetic acid (vinegar) in 
water (2), separates into two ions: one positively and one negatively charged.  Most of 
the dissolved molecule does not dissociate as represented below by the dual arrows in (2). 
When the weak electrolyte is put into pure water, there is an increase in the solution’s 
conductivity due to the release of ions by the electrolyte.   This increase in conductivity, 
however, is less than the increase seen in a strong electrolyte solution of the same 
concentration.   
 
C2H4O2 (l)   '  C2H3O2- (aq)   +  H+(aq)   (2) 
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Some compounds dissolve in solution because of their polarity, but do not ionize at all.  
These compounds are classified as non-electrolytes.  When a non-electrolyte is dissolved 
in pure water, the conductivity does not change.   Because non-electrolytes are neutral in 
charge in solution, they do not promote the flow of current when added to a solution.  
The neutral dissolved molecule acts similarly to a road block that helps to stop the flow 
of traffic, but in this case traffic is the electrical current that is reduced.  Shown below in 
(3) is glucose (grape sugar), which is a polar organic molecule and thus dissolves easily 
in water, which is also polar.   
 
 (glucose) C6H12O6  (s)       C6H12O6 (aq)  (3) 
 
The measurement of conductivity can be used for various analyses, and with this 
experiment a few of those methods will be examined.   
 
Group Setup  
 
Each group will choose a station at random and will follow the instructions for the given 
station as they are set forth in the procedure.  After Part 1 is completed at each station the 
first analysis will be done for Part 2 at the same location.  When the station for Part 2 has 
been completed, make sure all lab equipment is cleaned and set up for the next group, and 
then move to another station.  Complete all four stations for Part 2.  
 
Analysis Procedure:   The Vernier conductivity probe will be used to measure the 
conductance of the samples.  The collected data will be used to answer the questions 
about each station to learn about some of the different characteristics of ionic and 
molecular solutions.  
 
Data Collection 
 
Read and perform the following steps to acquire accurate data from any samples that 
you analyze.   
 
1. Make sure all electrical connections for the conductivity probe are snug, and that 
there are no loose connections on the data analysis instrumentation (i.e., laptop). 
If there are any disconnected or loose wires, be sure to ask the lab instructor to 
check the instrumentation. 
2. Rinse the tip of the conductivity probe with distilled water and then dry it 
thoroughly with a paper towel. 
3. When the sample is ready to be analyzed in a test tube, place the conductivity 
probe in the sample, making sure the probe sensor is below the surface of the 
liquid as shown in Figure (1).  
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4. Allow the conductivity reading to stabilize for at least 20 seconds.   
5. Record the value.  Be sure to collect three values for each  sample before 
proceeding to the next step. 
6. Clean off the tip of the probe with distilled water and dry it before placing it in 
another sample.  
 
 
Part 1: 
This analysis allows the investigation of the differences between molecular, weak 
ionic and ionic solutions.    For this part you will have 6 samples previously prepared and 
sitting in test tubes with labels A-F at the station.  These samples are all of the same 
concentration, and there will be two of each type of solution but not in any specific order.   
Record 3 measurements of the conductivity of each sample on the data page provided. 
After the conductivity measurements have been taken for each sample, pour the samples 
down the drain and rinse the test tubes with distilled water before moving on to Part 2. 
 
 
Part 2: Follow the instructions for each station, and be sure to take three 
measurements for each sample. Do not smell the samples for Identification. 
 
Station 1:  
Water can have different values of conductivity depending on what components 
are dissolved in the water.   Each of the samples is within a labeled bottle.  Fill a test tube 
(supplied at the station) halfway with solution from one of the sample bottles.  Record the 
sample letter on the data sheet.   Take conductivity measurements for the sample and 
record the three values on the data sheet.  Once the data set is collected for the sample, 
rinse out the test tube with distilled water.   Repeat this process with each of the other 
labeled samples.   
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Station 2: 
 When a person exercises vigorously, they begin to sweat, and in doing so their 
body loses electrolytes, such as Na+, Mg2+, K+,  and Cl-.  It is necessary for a person to 
replenish these lost electrolytes to keep the body’s metabolism functioning properly.  For 
this station there will be 6 sample bottles labeled A-F that contain common beverages.  
Fill a test tube halfway with the first sample chosen.  Next take conductivity readings of 
the sample and note the sample appearance on the data sheet.   Measure the conductivity 
of each sample.  Please do not smell or taste the samples.   After the samples have been 
measured for conductivity, pour the samples into the sink and rinse out each test tube 
with distilled water thoroughly. 
 
Station 3:   
In the world of crime scene investigation, it is important to determine if anything 
is out of the ordinary.  In a crime scene investigation many different tests are run on 
fibers, food, and drinks that were in the vicinity of the investigation.  One such analysis 
that can be used for beverages is the measurement of conductivity.  In this section the use 
of conductivity for analysis of drinks is employed. 
 For this station a simulated crime scene investigation analysis will be performed.  
Read the background for the investigation and take conductivity measurements of the 
samples that have been collected.   
 
The medical report suggests that the victim has been poisoned, but 
more time will be needed for a thorough autopsy.  The victim was complaining 
to the desk worker that he was not feeling well after his exercise at the gym.  
He then went to his car, passed out and died.  The doctors have yet to 
complete an autopsy, but his medical report shows that he did not have any 
history of heart problems, and he was known to be in good health.  The first 
24 hours of a case are the most important.  The chief detective has asked for 
any evidence that suggests the victim was poisoned. 
 
The samples have been set out in sample bottles labeled A-E.  Begin by separately 
putting the samples in test tubes, filled halfway.  Measure each of the recovered sample’s 
conductivity three times.  For help in sample analysis, all of the samples used in this 
station are also analyzed in stations 1 or 2 and can be used as a reference for comparison.   
Be sure to record each sample’s appearance and conductivity values on the data sheet.  
Do not smell the samples because if a toxic agent was used, inhaling it would not be safe.  
When all the samples have been analyzed, pour them down the drain and be sure to rinse 
the test tubes thoroughly with distilled water.
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Station 4:   The concentration effects on conductivity will be investigated for a molecular 
solution, ionic solution, and a solution that is a mixture of molecular and ionic 
compounds.  There will be three prepared solutions one is ionic, one molecular and one is 
a 50/50 mixture of the ionic and molecular solutions. 
 
For each sample follow steps 1-5 below: 
 
1. Measure out 10mL of a sample in a graduated cylinder.  Transfer to a clean test 
tube and take a conductivity measurement. 
2. Measure out 5mL of the sample in a graduated cylinder and dilute with distilled 
water to 10mL line.  Transfer to a clean test tube and take a conductivity 
measurement. 
3. Measure 2.5mL of the sample in a graduated cylinder and dilute to 10mL mark 
with distilled water.  Transfer the sample to a clean test tube and take a 
conductivity measurement. 
4. Measure 1.0mL of the sample in a graduated cylinder and dilute to 10mL with 
distilled water.  Transfer to a clean test tube and take a conductivity measurement. 
5. Rinse out all test tubes with distilled water and proceed to the next sample. 
 
 
 
Treatment of Data 
 
Part 1:   
A. Using the background information, determine in which category (ionic, weakly ionic, 
or molecular) each sample belongs.    
B. Give approximations for the ranges of conductivity for determining the solutions 
category from the collected data. 
 
Part 2: 
Station 1: 
A. Which sample gave you the highest conductivity?   
B. Why does the above sample have the highest conductivity?   
C. If ingested regularly, which sample would result in a deficiency of vitamins, minerals 
and electrolytes? Explain your reasoning. 
D. Suggest what kind of water sample each sample could be. 
 
 
 
Station 2:  
A. Which sample had the highest conductivity?  
B. Which samples would be beneficial to consume after exercising? Explain your 
reasoning. 
C. Suggest what each sample could be. 
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Station 3:   
A. What is each sample at this station similar to at stations 1 or 2? 
B. What are the differences if any from the samples in 1 and 2 and this station? 
C. Should the death of the man be ruled as a natural death or should there be an 
investigation into the cause? Explain your reasoning. 
 
Station 4:   
Data Treatment: The following should be done for all three data sets (A, B, and C).  
• Using Excel, prepare graphs (“scatter plot”; i.e., data points not connected with a 
line) of each of the systems that were analyzed in Station 4 with the % dilution on 
the x-axis and the conductivity on the y-axis.   
• Make sure each graph is labeled properly with the data set being graphed (i.e., 
ionic, molecular, combination). 
• For each graph right click on a data point on the graph and add a trendline. 
• Determine the slope and the equation of the line from the trendline. The slope and 
line statistics are in the same screen that was accessed for the trendline. 
• Are there any trends with respect to conductivity and % dilution for any of the 
graphs? 
 
 
Laboratory report 
 
For this laboratory, the laboratory report must consist of the following sections, each 
having the indicated point value: 
A. Introduction                                                     20 points 
B. Experimental Data, Graphs and Questions     45 points 
C. Conclusions and Discussion                            15 points 
 
• Graphs for the experimental data collected at Station 4 should be included, as well 
as all original data that were recorded for the additional stations of the laboratory. 
Refer to the Treatment of Data section for Station 4 for details on the graphs.  
Answers to questions for all stations (in the Treatment of Data) should be 
completed and turned in with data as well. 
• For the Conclusions and Discussion section, reflect back to the collected results 
and data.  Discuss differences between the conductivity of molecular, weak ionic, 
and ionic solutions, as well as any trends that have been seen in the collected data.   
Also discuss other applications that might use conductivity as a useful analysis 
tool. 
•  
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Data Pages 
 
PART 1 
 
Sample                                  Conductivity                                    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
 
 
PART 2 
 
 Station 1 
Sample                                  Conductivity                                    
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
______      ____________   ____________   ____________    
 
 
Station 2 
Sample                                  Conductivity                               Appearance 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
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______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
 
Station 3 
Sample                                  Conductivity                               Appearance 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
 
Station 4 
Solution A                                                                       
mL Pure Sample                                   Conductivity                                    
 
__                   ____      ____________   ____________   ____________    
 
_____                   _      ____________   ____________   ____________    
 
____                   __      ____________   ____________   ____________    
 
___                   ___      ____________   ____________   ____________    
 
 
Solution B 
mL Pure Sample                                   Conductivity                                    
 
__                   ____      ____________   ____________   ____________    
 
_____                   _      ____________   ____________   ____________    
 
____                   __      ____________   ____________   ____________    
 
___                   ___      ____________   ____________   ____________    
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Solution C 
mL Pure Sample                                   Conductivity                                    
 
__                   ____      ____________   ____________   ____________    
 
_____                   _      ____________   ____________   ____________    
 
____                   __      ____________   ____________   ____________    
 
___                   ___      ____________   ____________   ____________    
 
 
 
 
 
 
 
 
 
 
 
Instructor’s Signature ________________________________Date____________ 
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Lab Variant 4: 
 
 
Conductivity of Solutions 
 
Lab Objectives 
• To investigate the difference in conductivity of molecular and ionic solutions. 
• To observe the effect of concentration on the overall conductivity of a solution 
• To illustrate various uses for the conductivity measurement, not only as a 
quantitative tool, but also as a qualitative one 
 
Background  
 The measurement of a solution’s ability to transmit electrical current is defined as 
the solution’s conductivity. In this experiment the characteristics of solution conductivity 
will be examined.  
Water is an important solvent because it can dissolve a large number of different 
compounds.  As a neutral molecule, water does not promote the flow of electricity.  A 
solution with water as a solvent can be a good conductor if ions, which enable the 
transfer of charge through the solution, are present.  As a neutral molecule, pure water 
does not promote the flow of electricity.  When a soluble solid is put into water, it can: 
dissociate into ions, dissolve without ionizing or a combination of both.  When a 
compound dissociates completely upon placement in solution, it is categorized as a strong 
electrolyte.  One such strong electrolyte is NaCl (table salt).  As seen in (1) below NaCl 
dissociates completely into two ions upon emersion into water.  Upon dissociation the 
charged ions from the NaCl can act as carriers for current and therefore promote 
conduction of electricity through the solution.   
            
NaCl (s)     Na+(aq) +  Cl-(aq)    (1) 
 
However, not all electrolytes ionize completely.  Compounds that only dissociate a small 
amount when they are dissolved into a solution are categorized as weak electrolytes.  
When a weak electrolyte dissolves, most of the compound remains electrically neutral.  
However, a small portion, shown below with the dissociation of acetic acid (vinegar) in 
water (2), separates into two ions: one positively and one negatively charged.  Most of 
the dissolved molecule does not dissociate as represented below by the dual arrows in (2). 
When the weak electrolyte is put into pure water, there is an increase in the solution’s 
conductivity due to the release of ions by the electrolyte.   This increase in conductivity is 
not as pronounced as seen in a strong electrolyte solution of the same concentration.   
 
C2H4O2 (l)   '  C2H3O2- (aq)   +  H+(aq)   (2) 
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Some compounds dissolve in solution because of their polarity, but do not ionize at all.  
These compounds are classified as non-electrolytes.  When a non-electrolyte is dissolved 
in pure water, the conductivity does not change.   Because non-electrolytes are neutral in 
charge, they hinder current to travel through a solution.   The neutral dissolved molecule 
acts similarly to a road block that helps to stop the flow of traffic, but in this case traffic 
is the electrical current that is reduced.  Shown below in (3) is glucose (grape sugar), 
which is a polar organic molecule and thus dissolves easily in water which is also polar.   
 
 (glucose) C6H12O6  (s)       C6H12O6 (aq)  (3) 
 
The measurement of conductivity can be used for various analyses, and with this 
experiment a few of those methods will be examined.   
 
Group Setup:  
 
Each group will choose a station at random and will follow the instructions for the given 
station as they are set forth in the procedure.  After Part 1 is completed at each station the 
first analysis will be done for Part 2 at the same location.  When the station for Part 2 has 
been completed, make sure all lab equipment is cleaned and set up for the next group, and 
then move to another station.  Complete all four stations for Part 2.  
 
Analysis Procedure:   The Vernier conductivity probe will be used to measure the 
conductance of samples.  The collected data will be used to answer the questions about 
each station to learn about some of the different characteristics of ionic and molecular 
solutions.  
 
Data Collection: 
 
Read and perform the following steps to acquire accurate data from any samples that 
you analyze.   
 
7. Make sure all electrical connections for the conductivity probe are snug, and that 
there are no loose connections on the data analysis instrumentation (i.e., laptop). 
If there are any disconnected or loose wires, be sure to ask the lab instructor to 
check the instrumentation. 
8. Rinse the tip of the conductivity probe with distilled water and then dry it 
thoroughly with a paper towel. 
9. When the sample is ready to be analyzed in a test tube, place the conductivity 
probe in the sample, making sure the probe sensor is below the surface of the 
liquid as shown in figure (1).  
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10. Allow the conductivity reading to stabilize for at least 20 seconds.   
11. Record the value.  Be sure to collect three values for each sample before 
proceeding to the next step. 
12. Clean off the tip of the probe with distilled water and dry it before placing it in 
another sample.  
 
 
Part 1: 
This analysis illustrates the differences between molecular, weak ionic and ionic 
solutions.    For this part you will have 6 samples previously prepared and sitting in test 
tube holders. Record the sample name on the data sheet. These samples are all of the 
same concentration, and there will be two of each type of solution but not in any specific 
order.   Record a measurement of the conductivity of each sample on the data page 
provided. After a conductivity measurement has been taken for each sample pour out the 
samples down the drain and rinse the test tubes with distilled water before moving on to 
Part 2. 
 
 
Part 2: Follow the instructions for each station. Do not smell the samples for 
identification. 
 
Station 1:  
Water can have different values of conductivity depending on what components 
become dissolved in the water.   Each of the samples is within a labeled bottle.  Fill a test 
tube (supplied at the station) halfway, with a water sample from one of the sample 
bottles.  Take a conductivity measurement for the sample and record the value on the data 
sheet.  Once the data is collected for the sample, rinse out the test tube with distilled 
water.   Repeat this process with each of the other labeled samples.   
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Station 2: 
 When a person goes through vigorous exercise, they begin to sweat, and in doing 
so their body loses electrolytes such as Na+, Mg2+, K+, and Cl-.  It is necessary for a 
person to replenish these lost electrolytes to keep the body’s metabolism functioning 
properly.  For this station there will be 6 sample bottles that will contain common 
beverages.  Fill a test tube halfway with the first beverage sample.  Next take a 
conductivity reading of the sample.  Please do not smell or taste the samples.   After the 
sample has been measured for conductivity, pour the sample into the sink and rinse out 
the test tube with distilled water thoroughly.  Repeat this process for each beverage 
sample. 
 
Station 3:   
In the world of crime scene investigation, it is important to determine if anything 
is out of the ordinary.  In a crime scene investigation many different tests are run on 
fibers, food, and drinks that were in the vicinity of the investigation.  One such analysis 
that can be used for beverages is the measurement of conductivity.  In this section the use 
of conductivity for analysis of drinks is employed. 
 For this station a simulated crime scene investigation analysis will be performed.  
Read the background for the investigation and take conductivity measurements of the 
samples that have been collected.   
 
The medical report suggests that the victim has been poisoned, but 
more time will be needed for a thorough autopsy.  The victim was complaining 
to the desk worker that he was not feeling well after his exercise at the gym.  
He then went to his car, passed out and died.  The doctors have yet to 
complete an autopsy, but his medical report shows that he did not have any 
history of heart problems, and he was known to be in good health.  The first 
24 hours of a case are the most important.  The chief detective has asked for 
any evidence that suggests the victim was poisoned 
 
Measure each of the recovered sample’s conductivity separately in test tubes, filled 
halfway.  The samples have been set out and prepared by the lab tech in sample bottles 
labeled A-E with the beverages name attached.  For help in sample analysis, the 
conductivity chart of each sample (found on the data sheet) can be used as a reference for 
comparison.  Do not smell the samples because if a toxic agent was used, inhaling it 
would not be safe.When all the samples have been analyzed, pour the samples down the 
drain and be sure to rinse the test tubes thoroughly with distilled water. 
 
 
 Table of Known Conductivity Values 
Philly Tap water 600-821 us/cm o- Water 630us/cm 
redbull sugar free 3704us/cm Vitawater- 554us/cm 
coke zero 1403us/cm DI Water 29-68us/cm 
gatorade 2883us/cm Alcohol 28-68us/cm 
diet/ regular mt dew 1451us/cm Bot. water Poland Spring 105us/cm 
apple juice 2807us/cm Bot. water wawa 200us/cm 
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Station 4:   The concentration effects on conductivity will be investigated for a molecular 
solution, ionic solution, and a solution that is a 50/50 mixture of molecular and ionic 
compounds.   
 
For each sample follow steps 1-5 below: 
 
6. Measure out 10mL of a sample in a graduated cylinder.  Transfer to a clean test 
tube and take a conductivity measurement. 
7. Measure out 5mL of the sample in a graduated cylinder and dilute with distilled 
water to 10mL line.  Transfer to a clean test tube and take a conductivity 
measurement. 
8. Measure 2.5mL of the sample in a graduated cylinder and dilute to 10mL mark 
with distilled water.  Transfer the sample to a clean test tube and take a 
conductivity measurement. 
9. Measure 1.0mL of the sample in a graduated cylinder and dilute to 10mL with 
distilled water.  Transfer to a clean test tube and take a conductivity measurement. 
10. Rinse out all test tubes with distilled water and proceed to the next sample. 
 
 
 
 
Treatment of Data: 
Part 1:   
A. Using the background information, determine in which category (ionic, weakly ionic, 
or molecular) each sample belongs.    
B. Give approximations for the ranges of conductivity for the three solution categories 
from the collected data 
 
Part 2: 
 
Station 1: 
A. Which sample gave the highest conductivity?   
B. Why does the above sample have the highest conductivity?   
C. If ingested regularly, which sample would result in a deficiency of vitamins, minerals 
and electrolytes? Explain your reasoning. 
 
Station 2:  
A. Which sample had the highest conductivity?  
B. Which samples would be beneficial to consume after exercising? Explain your 
reasoning. 
 
Station 3:   
A. Should the death of the man be ruled as a natural death or should there be an 
investigation into the cause? Explain your reasoning. 
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Station 4:   
Data Treatment: The following should be done for all three data sets (A, B, and C).  
• Using Excel, prepare graphs (“scatter plot”; i.e., data points not connected with a 
line) of each of the systems that were analyzed in Station 4 with the % dilution on 
the x-axis and the conductivity on the y-axis.   
• Make sure each graph is labeled properly with the data set being graphed (i.e., 
ionic, molecular, combination). 
• For each graph right click on a data point on the graph and add a trend line. 
• Determine the slope and the equation of the line from the trend line. The slope 
and line statistics are in the same screen that was accessed for the trend line. 
• Are there any trends with respect to conductivity and % dilution for any of the 
graphs? 
 
 
Laboratory report: 
 
For this laboratory, the laboratory report must consist of the following sections, each 
having the indicated point value: 
A. Introduction                                                     20 points 
B. Experimental Data, Graphs and Questions     45 points 
C. Conclusions and Discussion                            15 points 
• Graphs for the experimental data collected at Station 4 should be included, as well 
as all original data that were recorded for the additional stations of the laboratory. 
Refer to the Treatment of Data section Station 4 for details on the graphs.  
Answers to questions for all stations (in the treatment of data) should be 
completed and turned in with data as well. 
• For the Conclusions and Discussion section, reflect back to the collected results 
and data.  Discuss differences between the conductivity of molecular, weak ionic, 
and ionic solutions, as well as any trends that have been seen in the collected data.   
Also discuss other applications that might use conductivity as a useful analysis 
tool. 
 
 
 
 
 
 
 
 
 
 
 
 
 169
Data Pages 
 
PART 1. 
 
Sample                                  Conductivity                                   Average 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
 
 
PART 2: 
 
 
 Station 1 
Sample                                  Conductivity                                   Average 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
 
 
Station 2 
Sample                                  Conductivity                                   Average 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
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______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
 
Station 3 
Sample                                  Conductivity                                   Average 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
______      ____________   ____________   ____________   ____________ 
 
 
Station 4 
Ionic Solution                                                                        
mL Pure Sample                                   Conductivity                                    
 
__                   ____      ____________   ____________   ____________    
 
_____                   _      ____________   ____________   ____________    
 
____                   __      ____________   ____________   ____________    
 
___                   ___      ____________   ____________   ____________    
 
 
Molecular Solution  
mL Pure Sample                                   Conductivity                                    
 
__                   ____      ____________   ____________   ____________    
 
_____                   _      ____________   ____________   ____________    
 
____                   __      ____________   ____________   ____________    
 
___                   ___      ____________   ____________   ____________    
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50/50 Mixture Solution  
mL Pure Sample                                   Conductivity                                    
 
__                   ____      ____________   ____________   ____________    
 
_____                   _      ____________   ____________   ____________    
 
____                   __      ____________   ____________   ____________    
 
___                   ___      ____________   ____________   ____________    
 
 
 
 
 
 
 
Instructor’s Signature ________________________________     Date____________ 
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A1.2 Evaluation Sheets 
Conductivity Pre-Lab /Post-Lab Questions/ Survey (Summer 08, Fall 08, Winter 09) 
 
1. Explain the effect on the conductivity of an ionic solution when you add pure 
water to it?  What effect does dilution have on a molecular solution’s 
conductivity? 
 
 
 
 
 
2. If three solutions have the same concentration but contain different solutes (one 
solute per solution), how can the type of solution be distinguished? 
 
 
 
 
 
 
3. Will tap water and bottled water have the same level of conductivity if they look 
the same? 
 
 
 
 
 
 
4. Is the following statement true or false?  Explain your reasoning. “After 
exercising for a long period of time is it sufficient to drink any beverage as long 
as the beverage contains water.” 
 
 
 
 
 
 
5. To what other uses/situations can conductivity be applied as a useful analysis 
tool? 
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6. Organize the following solutions from left to right in increasing conductivity:    
Gatorade, distilled water, sugar water, concentrated salt water. 
 
Please rate the following sections from 1-5.  The rating scale is 1 not interesting and 5 
being very interesting.  Please select the appropriate Values. 
 
Station 1 Water Analysis                                                 1      2      3      4      5 
 
Station 2 Beverage analysis                                             1      2      3      4      5  
 
Station 3 CSI analysis                                                      1      2      3      4      5                          
 
Station 4 Concentration analysis                                      1      2      3      4      5                     
 
 
1. What recommendations do you have to make this lab more interesting and fun? 
 
 
 
 
 
 
 
 
2. What changes would you make to help the topic matter be presented more clearly for 
your understanding? 
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Follow-up Survey for General Chemistry Fall 08, Winter 09 
Conductivity Evaluation Questions/ Survey      
Please fill in these two blanks based on last terms Lab 
 
Day of Week you had lab Last Term______________ Odd or Even Week ____________ 
 
7. Three different solutions have three distinct conductivities, one low, one middle 
range, and one very high.  What types of solutions can they be classified as in 
terms of conductivity? Explain your reasoning. 
 
 
 
 
8. Explain why if solutions are diluted equally, the conductivity of an ionic solution 
being diluted decreases and the conductivity of a molecular solution being diluted 
increases or stays the same.  
 
 
 
 
9. Can different types of water have different conductivity levels?  Explain your 
reasoning. 
 
 
 
 
10. Is the following statement true or false?  Explain your reasoning. “After an 
extended period of exercise it is important to drink a beverage that can adequately 
replenish both water and electrolytes lost during exercise.” 
 
 
 
 
11. To what uses/situations can solution conductivity analysis be applied as a useful 
analysis tool? 
 
 
 
12. Organize the following solutions by their conductivity in the proper blank:  
gatorade, sugar water, concentrated salt water, tap water. 
 
 
Low Cond. ___________, ___________,____________, ___________ High Cond. 
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Fall 09, Winter 2010 Collection Evaluations 
Conductivity Questions 
 
1. If three clear solutions have the same concentration, but contain different solutes 
(one solute per solution), how can the type of solution be distinguished? 
 
 
 
 
 
2. Explain the effect on the conductivity of an ionic solution when you add pure 
water to it?  Explain the effect on the conductivity of a molecular solution when 
pure water is added to it? 
 
 
 
 
 
 
3. Will tap water, bottled water, and sugar water have the same level of 
conductivity? Explain your reasoning. 
 
 
 
 
 
 
4. Is the following statement true?   Explain your reasoning. “After exercising for a 
long period of time, it is sufficient to drink any beverage that contains water.” 
 
 
 
 
 
5. To what uses/situations can a conductivity analysis be applied? 
 
 
 
 
6. Organize the following solutions from left to right in increasing conductivity:    
Gatorade, sugar water, concentrated salt water, and tap water. 
 
 
Lowest                            ,                            ,                           ,                         Highest 
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Appendix 2 
A2.1 Organic Chemistry Experimental Variants 
B1 Verification design. 
Cellulose Experiment  
 
 The most abundant of all organic compounds occurring naturally on the planet is 
cellulose.  Structurally, cellulose is made up of the simple sugar glucose.  Cellulose is a 
polymer of these glucose units and is classified as a polysaccharide or a complex 
carbohydrate.  
 In nature cellulose can be found most abundantly in wood and pure cotton. 
Cellulose is the basic component of the cell walls in plant cells.  There are a wide variety 
of uses for cellulose, such as clothing, filtration, peelable hot dog casings, bulking agents 
in low carbohydrate foods, cardboard, paper, and also the movie/film industry.  There has 
even recently been study of cellulose as a starting component for new biofuels.  
 The basic cellulose molecule consists of at least 3000 repeating glucose units.  By 
cleaving the cellulose units and then reforming the bonds with shorter units, it is possible 
to change the properties of the cellulose into new polymers that have different 
characteristics, as well as variable uses.  This process is known as cellulose regeneration 
and the product is commonly given the name Rayon. 
 Rayon was first produced in 1891 in France as artificial silk, but the compound 
suffered from high flammability being made from nitrocellulose and was thus 
discontinued.  Other versions of cellulose-based artificial silk were produced and in the 
year 1924 these were dubbed rayon.  This experiment will regenerate cellulose into a 
smaller chain length yielding a product that is known to be used as a filter in artificial 
kidneys or dialysis treatments. 
  
Lab Procedure: 
 
Part 1 Regenerated cellulose production 
Initial safety Precautions: 
This reaction should be performed in the fume hood for the entirety of the reaction so as 
not to expose anyone to hazardous vapors. 
Copper Carbonate - Hazardous to skin 
Ammonia - Hazardous to skin and eyes; avoid breathing in vapors. 
Sulfuric acid - Strong acid, very corrosive 
 
 In a beaker no larger than 250mL (150mL is preferable if possible), weigh out and 
place 5 grams of copper carbonate (CuCO3).  Add 50mL of concentrated ammonium 
hydroxide, NH4OH, and stir the solution thoroughly with a glass stirring rod.  When this 
is done, add another 20mL of ammonium hydroxide and stir the solution for another 
minute.  
 Get one and a half cotton balls for the source of cellulose.  Be sure that the cotton 
balls used are 100% cotton and do not contain any synthesized/artificial materials.  Tear 
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the cotton balls into smaller pieces and add them while slowly stirring the solution over 
the course of about 1 hour.  Stir the solution, being sure to break up any clumps as best as 
possible, for 5-minute intervals, letting the solution set for a period of 3 to 5 minutes in 
between stirrings.  When 1 hour has passed, the solution should be dark blue and very 
thick.  If a lot of clumps are present in the solution, stir for another 20 minutes.    
 When the dark blue cellulose/copper solution is prepared, measure out 60mL of 
10% sulfuric acid (H2SO4) solution in a 100mL beaker.  Using a plastic syringe of 
minimum volume 5mL, draw up 4 to 5mL of dark blue cellulose/copper solution (if any 
clumps remain in the solution, be sure not to draw them into the syringe) and at a 
moderate speed inject the sample into the 10% H2SO4 being sure to keep the head of the 
syringe under the surface of the 10% H2SO4 solution when injecting the sample.  The 
syringe should have a blue filament, or balloon that comes out into the solution.  Repeat 
the injection process two more times for a total of three syringe injections into the H2SO4 
solution.  Note the appearance of the samples. 
 
Part 2 Sample isolation and property analysis 
 
 Gently stir the blue regenerated cellulose samples in the H2SO4 solution and be 
sure to squeeze each injection flat with a glass stirring rod to make sure no blue sample is 
kept in balloon form.  This can be done by rolling the sample between the beaker wall 
and the glass stirring rod like a steamroller press.  The solution should turn a light blue 
color, and the samples should lose the blue color completely over the course of 25-30 
minutes.   
 When all the blue color has left the sample, use a Büchner funnel to filter the solid 
sample out of the solution.  Rinse the sample with 10mL of distilled water, and place a 
clean dry filter paper over the sample in the Büchner funnel and press gently to get as 
much solvent out of the sample.  Rinse the sample again thoroughly with 10-20mL of 
distilled water and press it gently with the filter paper to remove excess water from the 
sample.  Remove the sample from the filter and place on a clean watch glass.  The next 
step is to compare the texture, appearance and the tensile strength of the samples.  The 
tensile strength can be tested by gently pulling apart the sample to see the amount of 
resistance the sample gives.   With the chart provided see how accurately the cotton and 
the prepared rayon fit the listed characteristics. 
 Save the rayon sample and allow it to dry until next class to check its dry 
characteristics. 
 
  
Characteristics Medium Chain Short chain 
Tensile Strength Moderate strength Weak in strength  
Weavability Easily Woven Gel like and not weavable 
Solubility in water Insoluble in water Insoluble in water 
Fibrous or crystal like when dry Fibrous when dry crystal like when dry 
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Clean Up: (Read completely before proceeding with clean up) 
 Rinse the beaker containing the unused cellulose sample with the leftover H2SO4 
solution.  Deposit the used syringes into a designated waste beaker provided by the 
instructor. 
 This experiment uses copper solutions and samples, and therefore all blue wastes 
made from this experiment should be properly placed in a used copper salts container.  
Rinse out the glassware with water; DO NOT use acetone for the clean up. 
 
 
Laboratory Wisdom: 
 
“Do not be afraid of working with chemicals, for they are like working with animals.  
Know what they are capable of and how to handle them so you do not put yourself into 
unnecessary danger.”  -Unknown Scholar 
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B3 Discovery Design 
Cellulose Experiment  
 
 The most abundant of all organic compounds occurring naturally on the planet is 
cellulose.  Structurally, cellulose is made up of the simple sugar glucose.  Cellulose is a 
polymer of these glucose units and is classified as a polysaccharide or a complex 
carbohydrate.  
 In nature cellulose can be found most abundantly in wood and pure cotton. 
Cellulose is the basic component of the cell walls in plant cells.  There are a wide variety 
of uses for cellulose, such as clothing, filtration, peelable hot dog casings, bulking agents 
in low carbohydrate foods, cardboard, paper, and also the movie/film industry.  There has 
even recently been study of cellulose as a starting component for new biofuels.  
 The basic cellulose molecule consists of at least 3000 repeating glucose units.  By 
cleaving the cellulose units and then reforming the bonds with shorter units, it is possible 
to change the properties of the cellulose into new polymers that have different 
characteristics, as well as variable uses.  This process is known as cellulose regeneration 
and the product is commonly given the name Rayon. 
 Rayon was first produced in 1891 in France as artificial silk, but the compound 
suffered from high flammability being made from nitrocellulose and was thus 
discontinued.  Other versions of cellulose-based artificial silk were produced and in the 
year 1924 these were dubbed rayon.  This experiment will regenerate cellulose into a 
smaller chain length yielding a product that is known to be used as a filter in artificial 
kidneys or dialysis treatments. 
  
Lab Procedure: 
 
Part 1 Regenerated cellulose production 
Initial safety Precautions: 
This reaction should be performed in the fume hood for the entirety of the reaction so as 
not to expose anyone to hazardous vapors. 
Copper Carbonate - Hazardous to skin 
Ammonia - Hazardous to skin and eyes; avoid breathing in vapors. 
Sulfuric acid - Strong acid, very corrosive 
 
 In a beaker no larger than 250mL (150mL is preferable if possible), weigh out and 
place 5 grams of copper carbonate (CuCO3).  Add 50mL of concentrated ammonium 
hydroxide, NH4OH, and stir the solution thoroughly with a glass stirring rod.  When this 
is done, add another 20mL of ammonium hydroxide and stir the solution for another 
minute.  
 Get one and a half cotton balls for the source of cellulose.  Be sure that the cotton 
balls used are 100% cotton and do not contain any synthesized/artificial materials.  Tear 
the cotton balls into smaller pieces and add them while slowly stirring the solution over 
the course of about 1 hour.  Stir the solution, being sure to break up any clumps as best as 
possible, for 5-minute intervals, letting the solution set for a period of 3 to 5 minutes in 
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between stirrings.  When 1 hour has passed, the solution should be dark blue and very 
thick.  If a lot of clumps are present in the solution, stir for another 20 minutes.    
 When the dark blue cellulose/copper solution is prepared, measure out 60mL of 
10% sulfuric acid (H2SO4) solution in a 100mL beaker.  Using a plastic syringe of 
minimum volume 5mL, draw up 4 to 5mL of dark blue cellulose/copper solution (if any 
clumps remain in the solution, be sure not to draw them into the syringe) and at a 
moderate speed inject the sample into the 10% H2SO4 being sure to keep the head of the 
syringe under the surface of the 10% H2SO4 solution when injecting the sample.  The 
syringe should have a blue filament, or balloon that comes out into the solution.  Repeat 
the injection process two more times for a total of three syringe injections into the H2SO4 
solution.  Note the appearance of the samples. 
 
Part 2 Sample isolation and property analysis 
 
 Gently stir the blue regenerated cellulose samples in the H2SO4 solution and be 
sure to squeeze each injection flat with a glass stirring rod to make sure no blue sample is 
kept in balloon form.  This can be done by rolling the sample between the beaker wall 
and the glass stirring rod like a steamroller press.  The solution should turn a light blue 
color, and the samples should lose the blue color completely over the course of 25-30 
minutes.   
 When all the blue color has left the sample, use a Büchner funnel to filter the solid 
sample out of the solution.  Rinse the sample with 10mL of distilled water, and place a 
clean dry filter paper over the sample in the Büchner funnel and press gently to get as 
much solvent out of the sample.  Rinse the sample again thoroughly with 10-20mL of 
distilled water and press it gently with the filter paper to remove excess water from the 
sample.  Remove the sample from the filter and place on a clean watch glass.  The next 
step is to compare the texture, appearance and the tensile strength of the samples.  The 
tensile strength can be tested by gently pulling apart the sample to see the amount of 
resistance the sample gives.   Fill out the characteristics in the chart below of both the 
beginning cotton, and the regenerated-cellulose rayon sample. 
 Save the rayon sample and allow it to dry until next class to check its dry 
characteristics. 
 
  
Characteristics Medium Chain Short chain 
Tensile Strength     
Weavability     
Solubility in water     
Fibrous or crystal like when dry     
 
 
 
Clean Up: (Read completely before proceeding with clean up) 
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 Rinse the beaker containing the unused cellulose sample with the leftover H2SO4 
solution.  Deposit the used syringes into a designated waste beaker provided by the 
instructor. 
 This experiment uses copper solutions and samples, and therefore all blue wastes 
made from this experiment should be properly placed in a used copper salts container.  
Rinse out the glassware with water; DO NOT use acetone for the clean up. 
 
 
Laboratory Wisdom: 
 
“Do not be afraid of working with chemicals, for they are like working with animals.  
Know what they are capable of and how to handle them so you do not put yourself into 
unnecessary danger.”  -Unknown Scholar 
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A2.2  Cellulose Evaluation Sheet 
Evaluation Questions for Organic Cellulose Experiment. 
 
 
1. What complex is the active component in copper based cellulose regeneration?  
 
 
 
 
2. If given two samples of cellulose based material, what kind of tests can be performed 
to find out which sample has a longer chain length?  
 
 
 
 
 
3.  The basic molecular repeating unit that makes up cellulose is? 
 
 
 
 
 
 
4.  Is the following statement true?  “The product of cellulose regeneration has the same 
physical properties as the original cellulose source.”  Explain your answer. 
 
 
 
 
 
 
5.  Why is regenerated cellulose used for artificial kidney filtration instead of pure 
cotton? 
 
 
 
 
 
 
 
6.  Why is ammonia used for the dissolving of cellulose instead of water? 
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